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Abstract
The parsec-scale radio properties of blazars detected by the Large Area Telescope
(LAT) on board the Fermi Gamma-ray Space Telescope have been investigated using
observations with the Very Long Baseline Array (VLBA). Comparisons between LAT
and non-LAT detected samples were made using both archival and contemporaneous
data. In total, 244 sources were used in the LAT-detected sample. This very large,
radio flux-limited sample of active galactic nuclei (AGN) provides insights into the
mechanism that produces strong gamma-ray emission. It has been found that LAT-
detected BL Lac objects are very similar to the non-LAT BL Lac objects in most
properties, although LAT BL Lac objects may have longer jets. The LAT flat spec-
trum radio quasars (FSRQs) are significantly different from non-LAT FSRQs and
are likely extreme members of the FSRQ population. Archival radio data indicated
that there was no significant correlation between radio flux density and gamma-ray
flux, especially at lower flux levels. However, contemporaneous observations showed
a strong correlation. Most of the differences between the LAT and non-LAT popula-
tions are related to the cores of the sources, indicating that the gamma-ray emission
vi
may originate near the base of the jets (i.e., within a few pc of the central engine).
There is some indication that LAT-detected sources may have larger jet opening
angles than the non-LAT sources. Strong core polarization is significantly more
common among the LAT sources, suggesting that gamma-ray emission is related to
strong, uniform magnetic fields at the base of the jets of the blazars. Observations
of sources in two epochs indicate that core fractional polarization was higher when
the objects were detected by the LAT. The low-synchrotron peaked (LSP) BL Lac
object sample shows indications of contamination by FSRQs which happen to have
undetectable emission lines. There is evidence that the LSP BL Lac objects are more
strongly beamed than the rest of the BL Lac object population.
vii
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AIPS Astronomical Image Processing System. A software package for
calibrating and analyzing radio astronomy data.
AGN Active Galactic Nucleus. The center of a galaxy whose luminosity
is non-stellar in origin. Instead, the radiation is the result of the
accretion of material onto a supermassive black hole.
BL Lac object BL Lacertae object. A blazar with an almost featureless optical
spectrum. Sometimes simply called a “BL Lac”.
Blazar A radio loud AGN with one jet aligned very close to our line of sight.
Central Engine The supermassive black hole theorized to be the power source for
AGNs.
CLASS Cosmic Lens All-Sky Survey. An international (U.S., U.K. & The
Netherlands) collaborative project to observe more than 10,000
AGN at 8.5 GHz. The primary instrument for CLASS was the VLA.
Core The base of the jet(s) of an AGN. In the case of blazars, this usually
refers to the brightest component of the object.
EC External Inverse Compton scattering. Inverse Compton scattering
where the seed photons are external to the system containing the
xviii
Glossary
relativistic electrons.
EGRET Energetic Gamma Ray Experiment Telescope. A gamma-ray tele-
scope on board the Compton Gamma Ray Observatory (CGRO)
satellite, the predecessor to Fermi.
EVLA Expanded Very Large Array. The working name of the VLA while
several improvements were made to the instrumentation and corre-
lator. See VLA below.
Fermi The Fermi Gamma-ray Space Telescope. It was launched in June
of 2008. Originally named GLAST (the Gamma-ray Large Area
Space Telescope), it was renamed in honor of Enrico Fermi after its
successful launch. It is operated by the National Aeronautics and
Space Administration (NASA).
FSRQ Flat-Spectrum Radio Quasar. A blazar with a flat radio spectrum
and broad optical emission lines.
Gr Gamma-ray loudness. The ratio of gamma-ray to radio luminosity.
HBL High Synchrotron Peaked BL Lac Object.
HSP High Synchrotron Peaked. An object that has its maximum syn-
chrotron flux at a frequency above 1015 Hz.
IC Inverse Compton scattering. The process by which a photon gains
energy via an interaction with a relativistic electron.
IBL Intermediate Synchrotron Peaked BL Lac Object.
ISP Intermediate Synchrotron Peaked. An object that has its maximum
synchrotron flux at a frequency between 1014 and 1015 Hz.
xix
Glossary
Jet The stream of relativistic ions ejected from an AGN.
JVLA Karl G. Jansky Very Large Array. Current official name of the VLA.
See VLA below.
ΛCDM Λ (dark energy/cosmological constant) Cold Dark Matter. Indicates
a theory of the structure of the universe which includes both dark
energy and dark matter.
LAT Large Area Telescope. The survey instrument on board the Fermi
Gamma-ray Space Telescope, capable of scanning the entire sky
roughly every 3 hours. Sensitive to photons in the energy range
20 MeV to 300 GeV.
LBL Low Synchrotron Peaked BL Lac Object.
LSP Low Synchrotron Peaked. An object that has its maximum syn-
chrotron flux at a frequency below 1014 Hz.
MAD Median Absolute Deviation. The median of the positive difference
between each value in a distribution and the overall median of that
distribution. Used as a measure of spread in a distribution.
MOJAVE Monitoring of Jets in AGN with VLBA Experiment. A program to
monitor several AGN with the VLBA.
NED The NASA/IPAC Extragalactic Database, which is operated by the
Jet Propulsion Laboratory at Caltech, under contract with NASA.
http://ned.ipac.caltech.edu/
NRAO The National Radio Astronomy Observatory, a facility of the Na-
tional Science Foundation operated under cooperative agreement by
Associated Universities, Inc.
xx
Glossary
νCpeak Inverse Compton peak frequency. The frequency at which an AGN’s
inverse Compton emission is a maximum.
νSpeak Synchrotron peak frequency. The frequency at which an AGN’s
synchrotron emission is a maximum.
ΩΛ Dark energy density parameter. The ratio of the measured dark
energy density of the universe to the critical density. Taken to have
a value of 0.73 throughout this dissertation.
Ωm Matter density parameter. The ratio of the measured matter density
of the universe to the critical density. Includes ordinary baryonic
matter and dark matter. Taken to have a value of 0.27 throughout
this dissertation.
SED Spectral Energy Distribution. A plot of a source’s flux versus fre-
quency.
Solar Mass, M⊙ The mass of the Sun; 1.989×1030 kg.
SSC Synchrotron Self-Compton scattering. Inverse Compton scattering
of synchrotron photons by the same population of relativistic elec-
trons that produced the synchrotron radiation.
TB Brightness temperature. The temperature a source would need to
have in order to emit the observed radiation as a black body. Also a
measure of compactness; more compact objects have higher bright-
ness temperatures.
VIPS VLBA Imaging and Polarimetry Survey. A survey of AGN using
the VLBA. Observations were made prior to and during 2006 under
NRAO project code BT085. Contains 1127 sources.
xxi
Glossary
VIPS+ Follow-up observations on 90 LAT-detected VIPS sources and 7 MO-
JAVE sources that were not observed as part of the VIPS program.
Observations were made from Nov. 2009 to Jan. 2010 under NRAO
project code S2078.
VIPS++ Observations of 135 LAT-detected sources which were not observed
as part of the original VIPS program. Observations were made in a
similar manner to VIPS and data reduction used a similar pipeline.
Observations were made in June and July of 2010 under NRAO
project code BT110.
VLA The Very Large Array. Also known as the EVLA (Expanded Very
Large Array) or the JVLA (Karl G. Jansky Very Large Array). A
radio interferometer consisting of 27 25m dishes located in central
New Mexico.
VLBA Very Long Baseline Array. A dedicated array of ten 25m dishes
spread across the U.S. from The Virgin Islands to Hawaii and used
in a VLBI observing mode.
VLBI Very Long Baseline Interferometry. A technique where disconnected
elements can be used as an interferometer, yielding the highest res-
olution available within astronomy.
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Chapter 1
Introduction
This chapter provides background material for some of the key concepts discussed in
this dissertation.
1.1 Very Long Baseline Interferometry
Basic interferometry uses multiple telescopes to synthesize a single aperture. This
technique is especially useful in radio astronomy due to the need for an extremely
large telescope diameter in order to obtain good resolution. Very long baseline inter-
ferometry (VLBI) uses telescopes that are usually several hundred kilometers apart.
This leads to excellent (sub-milli-arcsecond) resolution. The Very Long Baseline Ar-
ray (VLBA), operated by the National Radio Astronomy Observatory (NRAO), is
the only dedicated VLBI instrument. Other VLBI instruments, such as the European
VLBI Network (EVN) or the Australian Long Baseline Array (LBA), are “ad-hoc”
arrays where telescopes from separate observatories are temporarily dedicated to
VLBI studies a few times a year.
The maximum baseline for the VLBA is about 8600 km (St. Croix to Mauna
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Kea), giving it a resolution of about 1.4 milliarcseconds at a frequency of 5 GHz (the
frequency for most observations in this dissertation). Using the maximum frequency
of 86 GHz results in a resolution of about 120 microarcseconds (this number would
be smaller, but the St. Croix antenna is not yet equipped with an 86 GHz receiver).
The minimum baseline for the VLBA is 236 km, which means that it is not very
sensitive to diffuse emission. Any structure with an angular size greater than about
52 milliarcseconds (at 5 GHz) is “resolved out”. The largest structure observable by
the VLBA is about 0.8 arcseconds at its lowest operating frequency of 312 MHz.
1.2 The Fermi Gamma-ray Space Telescope
The Gamma-ray Large Area Space Telescope, or GLAST, was successfully launched
into orbit on June 11, 2008. After the satellite had proven to be operating suc-
cessfully, the name was changed to the Fermi Gamma-ray Space Telescope, in honor
of physicist Enrico Fermi. Fermi was designed for a five year mission, but with a
goal of ten years. It is a multi-national project funded by the United States (NASA
and Department of Energy), France, Italy, Japan, and Sweden, but operated and
managed by NASA.
Fermi ’s primary instrument is the Large Area Telescope (LAT). The LAT is a
pair-conversion telescope. It tracks pairs of electrons (e−) and positrons (e+) that
are created when an incident γ-ray interacts with thin tungsten foils. The telescope
tracks the path of these e+e− pairs through a series of detectors and a calorimeter.
The LAT is sensitive to photons with energies of about 20 MeV to about 300 GeV.
The LAT was designed as a survey instrument with a large field of view (about 2.4
steradians) and completes a scan of the entire sky approximately once every three
hours. For complete details on the LAT, see Atwood et al. (2009).
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Figure 1.1: Model of an AGN, from Urry & Padovani (1995).
1.3 Active Galactic Nuclei and Blazars
An active galactic nucleus (AGN) involves a supermassive (≥ 106M⊙) black hole
surrounded by an accretion disk. Two jets emanate from the black hole perpendicular
to the accretion disk. The material in these jets travels at relativistic speeds. The
entire black hole + accretion disk structure is also thought to be surrounded by a
torus made of warm dust particles. See Figure 1.1 for an artist’s impression of the
inner parts of a typical AGN.
According to the unified scheme of AGN (e.g., Urry & Padovani 1995), how we
view an AGN determines its classification. If we view it “side-on”, where we can see
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Figure 1.2: Illustration of the different views of an AGN, by Aurore Simonnet
(Sonoma State University).
both jets, we call it a radio galaxy. In this case, the emission is dominated by the
radio lobes. If we view the AGN with one jet pointed more towards our line of sight
but not directly at us, we call it a quasar. In this case, we can usually see the radio
emission from the jet and thermal emission from the accretion disk. If the AGN is
oriented with one jet pointed nearly directly at us, we call it a blazar. The emission
from a blazar is dominated by the jet. See Figure 1.2 for an illustration of the unified
scheme.
Blazars exhibit particularly interesting behavior due to special relativity. First,
the material in the jet appears to move faster than the speed of light (apparent
superluminal motion). Second, the emission from the jet becomes strongly beamed
along the direction of motion (known as relativistic beaming or Doppler boosting).
Third, any variation in intrinsic luminosity, material speed, or orientation angle leads
to large changes in the observed flux of the object (another consequence of Doppler
boosting).
Blazars are subdivided into two major classes: BL Lacertae (BL Lac) objects and
4
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flat-spectrum radio quasars (FSRQs). BL Lac objects are, in general, dim objects
with almost featureless optical spectra (see Figure 1.3). More specifically, an object
is classified as a BL Lac object if its strongest optical emission line has an equivalent
width (EW) less than 5 A˚ and the optical spectrum shows a CA II H/K break ratio
of less than 0.4. The H/K break is a result of viewing angle and increases as the
jet axis is more closely aligned with the lines-of-sight (Landt, Padovani, & Giommi
2002). FSRQs can be very luminous and have an optical spectrum dominated by
broad (EW > 5 A˚) emission lines (see Figure 1.4).
The differences between BL Lac objects and FSRQs have recently been explained
by accretion rate (Ghisellini & Tavecchio 2008, Meyer et al. 2011). The theory is that
BL Lac objects have a relatively low accretion rates and are radiatively inefficient.
Their broad line regions are very weak and is located close to the central engine, or
disappear completely. The FSRQs, on the other hand, have high accretion rates, are
radiatively efficient, and have broad line regions located far from the central engine.
However, Garofolo, Evans, & Sambruna (2010) argue that a significant driver behind
the differences may be black hole spin. They propose that BL Lac objects host black
holes with prograde spins (with respect to their accretion disks) while FSRQs have
black holes with retograde spin. This theory also allows for FSRQs to slowly spin
down and turn into BL Lac objects.
Note that not all BL Lac objects have spectra as featureless as the one presented
in Figure 1.3. Some have sharp emission lines and others have absorption features.
Also, some occasionally show broad emission lines (e.g., Vermeulen et al, 1998).
Therefore, it is possible to measure redshifts for some BL Lac objects, but not all.
1.4 Synchrotron Emission
Note: the physics equations in this dissertation are presented in cgs-Gaussian units.
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Figure 1.3: Example of spectra from a normal galaxy (top) and a BL Lac object
(bottom). The spectrum for the normal galaxy (NGC 3368) was originally published
in Kennicutt (1992). The spectrum for the BL Lac object (0814+425) was originally
published in Lawrence et al. (1996). Figure created by Siobahn Morgan, University
of Northern Iowa. The wavelengths are in units of Angstroms.
The emission from the jet of an AGN is primarily in the form of synchrotron
radiation. This occurs when electrons interact with a strong magnetic field. The
electrons spiral along the magnetic field lines and emit photons in the forward di-
rection. The following derivation is based on that found in Chapter 6 of Rybicki &
Lightman (1979).
Recall that the force on a charged particle in motion in the presence of an elec-
tromagnetic field is given by the Lorentz force:
F = q[E+
1
c
v×B] (1.1)
where q is the particle’s charge, E is the electric field, v is the particle’s velocity, and
6
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Figure 1.4: Example of a FSRQ spectrum (3C273), from Tu¨rler et al. (2006).
B is the magnetic field. The change in energy is given by
dW
dt
= qv · E. (1.2)
Imagine a relativistic electron with velocity v in the presence of a static, uniform
magnetic field B (no electric field). In this case, the equations above become
F =
dp
dt
=
d
dt
Γmev =
e
c
v×B (1.3)
and
dW
dt
=
d
dt
Γmc2 = ev · E = 0 (1.4)
where Γ is the Lorentz factor, defined as
Γ ≡
(
1− v
2
c2
)−1/2
. (1.5)
Because dW/dt = 0, we can assume that Γ is constant, so the magnitude of the
velocity must also be constant (|v| = constant). Using this fact in the Lorentz force
7
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equation leads to
meΓ
dv
dt
=
e
c
v×B. (1.6)
Now we break the velocity v into components parallel to and perpendicular to the
magnetic field lines. Note that the cross product of the parallel component with B
is zero. This leads to
dv‖
dt
= 0 (1.7)
which means that the parallel component of the velocity is constant. Focusing on
the perpendicular component leads to the differential equation,
dv⊥
dt
=
e
Γmec
v⊥ ×B. (1.8)
Using the fact that the magnitude of the total velocity is constant and that the
parallel component is constant, the magnitude of the perpendicular component must
also be constant (|v⊥| = constant). Because all of the magnitudes of the velocity
vector are constant, the only aspect that can change is the direction. The equation
of motion becomes
v⊥
dvˆ⊥
dt
=
e
Γmec
v⊥B(vˆ⊥ × Bˆ) (1.9)
where vˆ⊥ is the unit directional vector for the velocity component perpendicular to
the magnetic field line, and Bˆ is the unit directional vector of the magnetic field.
Getting rid of the v⊥ on both sides of the equation and noting that vˆ⊥ × Bˆ = θˆ, the
unit vector in the azimuthal plane, yields the expression for uniform circular motion
dvˆ⊥
dt
=
eB
Γmec
θˆ. (1.10)
The frequency of rotation is therefore
ωB =
eB
Γmec
. (1.11)
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To find the total power emitted by the electron, we start with the Larmor formula
for a relativistic particle
P =
2q2
3c3
Γ4
(∣∣∣∣dv⊥dt
∣∣∣∣
2
+ Γ2
∣∣∣∣dv‖dt
∣∣∣∣
2
)
. (1.12)
For our electron, q = e,
∣∣dv‖/dt∣∣ = 0, and |dv⊥/dt| = ωBv⊥. Now we simply
substitute our result for the frequency of rotation and we have
P =
2e2
3c3
Γ4
(
eB
Γmec
v⊥
)2
=
2e4Γ2B2v2⊥
3m2ec
5
. (1.13)
We can replace the v⊥ in the equation by noting that v⊥ = v sinα where α is the angle
made by the velocity vector and the plane normal to the magnetic field (also called
the “pitch angle”). We can also use the convention of expressing the magnitude of
the velocity as a fraction of the speed of light: β = v/c. Additionally, we can use
the definition of the classical electron radius
re ≡ e
2
mec2
(1.14)
to help simplify things. The equation for the power emitted by our single test particle
then reduces to
P =
2
3
r2ecΓ
2B2β2 sin2 α. (1.15)
If we have an isotropic distribution of velocities, we have to average over all pitch
angles.
〈
β2 sin2 α
〉
=
∫
β2 sin2 α
4π
dΩ =
β2
4π
∫
sin2 αdΩ =
2
3
β2 (1.16)
Substituting this result into our equation for the power gives us
P =
(
2
3
)2
r2ecΓ
2B2β2. (1.17)
Using the definition of the Thompson cross section
σT ≡ 8π
3
r2e (1.18)
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and the definition for the magnetic energy density
UB ≡ B
2
8π
(1.19)
we can write the equation for the power for a single electron averaged over pitch
angles as
P =
4
3
σT cΓ
2UBβ
2. (1.20)
Notice that the synchrotron power has a very strong dependence on both the
velocity of the electron, which enters the equation in both Γ and β, and the strength
of the magnetic field, from UB ∝ B2.
Obviously, in astrophysical sources, we have more than just a single electron
emitting. The power per frequency emitted by each electron is given by
P (ω) =
√
3e3B sinα
2πmc2
F
(
ω
ωc
)
(1.21)
(e.g., Rybicki & Lightman 1979). Here, ωc is the critical frequency at which the
power is a maximum, which is given by
ωc =
3Γ2eB sinα
2mc
. (1.22)
The function F (ω/ωc) is where all of the action is. It is known as the spectral
function and it is defined as
F (x) ≡ x
∫ ∞
x
K 5
3
(y)dy (1.23)
where K5/3(y) is the modified Bessel function of the second kind of order 5/3. The
spectral function is plotted in Figure 1.5.
For a power law distribution of electrons such that
N(E) ∝ E−p (1.24)
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Figure 1.5: The total power spectrum of synchrotron emission for a single electron.
where N(E) is the number of electrons with energy E, the total power radiated can
be approximated by
PTotal(ω) ∝ ω−(p−1)/2 (1.25)
(e.g., Rybicki & Lightman 1979). However, synchrotron self-absorption becomes
important. This is the process by which a photon absorbed by a charged particle in
a magnetic field, giving its energy to the charges particle. In this case, the power
radiated is approximated by
P (ω) ∝ ω5/2 (1.26)
(e.g., Rybicki & Lightman 1979). Therefore, a synchrotron source is optically thick
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Figure 1.6: The Synchrotron emission for a power-law distribution of electrons.
Note that ν = ω/2π. The frequency ν1 is called the “turnover frequency”.
The source is optically think to the left of ν1, and optically thin to the right
of ν1. Figure from the website of Jonathon Williams, University of Hawaii
(http://www.ifa.hawaii.edu/∼jpw).
at low frequencies and optically thin at high frequencies. See Figure 1.6 for a plot of
the spectrum.
1.5 Inverse Compton Emission
In a normal Compton scattering, a stationary electron is struck by a photon. The
electron gains kinetic energy while the photon loses energy and increases its wave-
length.
In an inverse Compton scattering, a relativistic electron interacts with a photon.
This time, the electron loses kinetic energy and the photon gains energy by decreas-
ing its wavelength. This is the standard process for producing non-thermal X-rays
and γ-rays from astronomical sources (X-rays can also be produced via thermal
12
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bremsstrahlung or line radiation).
One possible source of seed photons in a blazar is the dusty torus which sur-
rounds the central engine of the AGN (see Urry & Padovani 1995 for a review of
AGN) which emits in the infrared. This process if often referred to as ’External
Compton’ or ’EC’. Another source of seed photons is the radio emission itself. This
scenario is known as synchrotron self-Compton scattering (SSC). If the radio and γ-
ray emission are created by the same population of electrons, the bulk motion of the
jet components should tell us something about the electrons involved in the inverse
Compton scattering.
In the rest frame of the electron, the energy of the photon is unchanged by the
collision: E ′f = E
′
i. The energy of the photon in this frame is given by (e.g., Rybicki
and Lightman 1979):
E ′i = EiΓ(1− β cos θi) = E ′f (1.27)
where Γ is the Lorentz factor, β is the bulk velocity v/c, θi is the angle between the
electron’s velocity vector and the incoming photon’s velocity vector. But, we have
to transform the energy back into our observing frame:
Ef = E
′
fΓ(1 + β cos θ
′
f ) (1.28)
where θ′f is the angle between the x
′ axis and the photon’s final velocity vector. For
an ultrarelativistic electron, the photon is beamed in the direction of the electron
motion. Imagine we have a photon approaching the electron from directly behind
such that − cos θi = cos θ′f = 1. Then we can see that
Ef = E
′
fΓ(1 + β) = Ei[Γ(1 + β)]
2 (1.29)
For an ultrarelativistic electron, β ∼ 1, so our final energy reduces to
Ef ≈ 4Γ2Ei (1.30)
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Using E = hν leads to a similar expression for the change in the photon’s frequency.
νf
νi
≈ 4Γ2 (1.31)
We can use the apparent superluminal motion of the jet components to give us an
estimate of the Lorentz factor Γ. Lister et al. (2009c) studied the motions of several
BL Lac objects and FSRQs. They reported that the BL Lac objects had median
apparent jet speeds of 6c and the FSRQs had median jet speeds of 15c. We will
assume that these are typical values for the classes. We can estimate the minimum
Lorentz factor by using the formula
Γmin = (1 +
v2app
c2
)1/2 (1.32)
(Carroll and Ostlie 1996) where vapp is the apparent velocity of the jet components.
Notice that for vapp & 5c, Γmin ≈ vapp/c.
For the FSRQs, this leads to a Γmin of 15. This leads to νf/νi = 900. Using a
typical infrared frequency of 1014 Hz (about 3 microns) for emission from the dusty
torus and a γ-ray frequency of 1023 Hz (about 1 GeV), we can see that one scattering
is not sufficient to get an IR photon to GeV energies. The problem of requiring
higher Lorentz factors than those observed, along with the problem that the high
energy photon populations should be reduced due to pair production, is known as the
“Lorentz factor crisis” (Henri & Sauge´ 2006). In order to get IR photons scattered
up to GeV energies with a single interaction, we require Lorentz factors of about 104.
To get radio seed photons scattered to GeV energies, we need a Lorentz factor of
about 106. Therefore, if the γ-rays are produced by single scatterings, there must be
electrons within the blazar jets which are moving much faster than the bulk motion.
This should come as no surprise as the electrons in the jets are not simply riding along
with the rest of the material, moving in straight lines. They are spiraling along the
magnetic fields in order to produce the synchrotron radiation that we detect. Also,
they are subject to accelerating events such as shocks and magnetic reconnection
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(Giannios et al. 2009). Lyutikov and Lister (2010) suggest that the higher Lorentz
factor for the γ-ray emitting region may be the result of the magnetically driven
non-stationary acceleration of the jets. They argue that the leading parts of the
flow should be accelerated to significantly higher Lorentz factors than in the steady
state acceleration case. Another possibility is the so-called “jet in a jet” scenario
(Giannios et al. 2009) where a compact “blob” of plasma in the jet is accelerated
to higher Lorentz factors via reconnection events. Yet another possible jet structure
is the “spine-sheath” model, where a spine of fast-moving material is surrounded
by a slow-moving outer sheath (e.g., Ghisellini, Tavecchio, & Chiaberge 2005). The
spine-sheath model has been used with some success in modeling the emission from
the jet in M87 (Kovalev et al. 2007, Tavecchio & Ghisellini 2008).
1.5.1 Synchrotron Self Compton
The simplistic treatment of inverse Compton scattering presented above assumed
that all of the electrons in the jet had the same velocities. We know this is not the
case in reality. The spectral energy distributions (SEDs) of blazars indicate a broken
power law distribution in their electron energies. They typically have a two-humped
shape, where the low-energy hump is emission from synchrotron radiation and the
high-energy hump is emission from inverse Compton scattering. See Figure 1.7 for
an example of a typical blazar SED. The synchrotron emission can cover frequencies
from the radio up to the ultraviolet, and sometimes even as high as X-rays. The
inverse Compton emission typically starts in the X-rays and extends into the γ-rays.
To avoid confusion with the bulk Lorentz factor (Γ), we will use Γe for the Lorentz
factor for the electrons. The distribution with respect to their Lorentz factor is then
15
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Figure 1.7: The spectral energy distribution (SED) for the FSRQ 3C273, from
Padovani et al. (2011). The red lines indicate the non-thermal radiation from the
jet; the blue line indicates the emission from the disk and from the broad line region;
the orange line indicates light from the host galaxy. The two vertical lines indicate
the optical observing window (3800 - 8000 A).
N(Γe) =

 K1Γ
−n1
e for Γe,min < Γe < Γe,b
K2Γ
−n2
e for Γe,b < Γe < Γe,max
(1.33)
Here, K1 an K2 are positive constants such that K2 = K1Γ
n2−n1
e,b , and n1 and n2
are positive constants in the limits n1 < 3 and n3 > 3 (e.g., Tavecchio, Maraschi &
Ghisellini 1998). The Lorentz factor where the break in the power law occurs is Γe,b.
In the case of synchrotron self Compton emission, the same population of electrons
is responsible for both the synchrotron and high-energy radiation. One can find the
minimum “break” Lorentz factor, Γe,b, by finding the frequencies where the spectral
energy distribution (SED) peaks. In the Thomson limit where the energy of the
photon is less than the rest energy of the electrons in the rest frame (hν << mec
2),
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the peaks of the SED are related by
Ef (ν
C
peak) =
4
3
Γ2e,bE
′
i(ν
S′
peak)δ (1.34)
where νCpeak is the frequency of the inverse Compton peak (i.e., the high energy
bump) and νS′peak is the frequency of the peak in the synchrotron emission in a frame
comoving with the jet, and δ is the Doppler factor, δ = 1/[Γ(1 − β cos θ)]. Using
E = hν and the fact that νS′peakδ = ν
S
peak, we see that
νCpeak =
4
3
Γ2e,bν
S
peak (1.35)
Therefore, we can find the Γe,b by
Γe,b =
(
3νCpeak
4νSpeak
)1/2
. (1.36)
For very high energy electrons, the system is in the Klein-Nishina limit. In this
regime, the inverse Compton scattering process is less efficient due to a reduction
of the effective scattering cross section. The reduced efficiency leads to a reduced
luminosity for the inverse Compton radiation and changes the relationship between
νCpeak and ν
S
peak such that Equation 1.36 gives the lowest possible value of Γe,b. The
cutoff for the Klein-Nishina limit is (e.g., Blumenthal & Gould 1970)
Γe >>
mec
2
4hν
. (1.37)
While the Klein-Nishina limit is always relevant at these high energies, it becomes
particularly important to the shape of the SED when it sets in near the peak in the
inverse Compton portion. That is, if
Γe,bν
S′
peak ≥
3mec
2
4h
(1.38)
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the Klein-Nishina corrections to the luminosity and peak frequency become severe
(Tavecchio, Maraschi, & Ghisellini 1998).
Various groups have done modeling of the SEDs of γ-ray bright blazars using the
Klein-Nishina limit. Tavecchio et al. (2011) modeled the FSRQ PKS 1222+216 with
a Γe,b as high as 1200, and a Γe,max as high as 4 × 105. The maximum Lorentz factor
easily allows for the millimeter and infrared synchrotron photons to be scattered to
GeV energies, while the minimum Lorentz factor still allows for scattering ultraviolet
photons to GeV energies. Abdo et al. (2011) modeled the SED of BL Lacertae as a
single-zone SSC emission with a Γe,b of 1.4 × 103 and a Γe,max of 106. The maximum
Lorentz factor for the single-zone case can definitely scatter the radio seed photons to
GeV energies, while the minimum Lorentz factor can still scatter ultraviolet photons
to GeV energies. Abdo et al. (2011) also provide a two-zone SSC emission model
where they have a fast blob and a slow blob both emitting via SSC. The fast blob
has a Γe,max of 7.0 × 105, which is still capable of scattering radio seed photons to
GeV energies.
1.5.2 Multiple Scatterings
It is also possible to boost the photon energies via multiple scatterings. We start by
going back to our elementary model where the electrons are moving with the same
Lorentz factor as the bulk motion of the jets and using
EF = EiA
k (1.39)
(Rybicki and Lightman 1979) or equivalently
νF = νiA
k (1.40)
where A is the mean amplification of photon energy per scattering (i.e., A = 4Γ2)
and k is the number of scatterings. Performing some algebra leads us to the number
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of scatterings needed to get the energy boost we want:
k =
log νF/νi
logA
(1.41)
For the FSRQs with A = 900, νi = 10
14 and νF = 10
23, we need about 3 scatterings
to get from the IR to GeV energies. For synchrotron self-Compton scattering, we go
from our 5 GHz radio frequency to γ-rays (νi = 5× 109 and νF = 1023). This takes
about 5 scatterings.
For the BL Lac objects with apparent velocities of 6c, we find Γmin = 6 and
A = 144. The photons need about 5 scatterings to get photons from IR to GeV
energies. To go from radio to GeV, it takes about 7 scatterings.
As with our initial treatment of the single-scattering case, our elementary treat-
ment of multiple scatterings is overly simplistic. As Bjo¨rnsson (2010) points out in
his more in-depth treatment of multiple IC scattering, the blazars are still in the
Klein-Nishina limit. He argues that the electrons leading to LAT γ-rays should have
Γe ∼102, near where synchrotron self-absorption becomes important. This leads to
an A ≈4×104. To get IR photons to GeV energies with this A value takes only 2
scatterings. To get radio photons to GeV energies takes about 3 scatterings.
While these are not unreasonable numbers of scatterings under normal circum-
stances, it is important to remember that the γ-ray emitting region is confined to
be fairly small by variability measurements. According to to Sbarrato et al. (2011),
the maximum size for the emitting region for the highly variable LAT AGNs is in
the range of 0.001 pc to 0.009 pc. The rate of scatterings can be taken to be
r = σnev (1.42)
where σ is the scattering cross section, ne is the number density of electrons, and v
is the velocity of the scattered particle (the speed of light for our seed photons). We
can estimate the number of scatterings by calculating the time the photon spends
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in the emitting region simply using ∆t = d/c, where d is the size of the emitting
region. So, our estimate for the number of scatterings is σned. Assuming we are in the
Thompson limit gives us the maximum scattering cross section of σT . Using values for
ne of ∼ 140 cm−3, the electron number density found for the jet in M87 (Tavecchio
et al. 2008), and taking size of the emitting to be 0.009 pc, we get 2.6 × 10−6
scatterings per photon. Therefore, it seems very unlikely that any one photon will
get scattered more than once. Also, the effects of several multiple scatterings may
produce very different SEDs than those observed in the LAT-detected blazars. In
particular, multiple scatterings would produce a plateau-shaped IC SED, instead of
the peaked shape that we observe.
1.6 Polarization and Faraday Rotation
The discussion of polarization and Faraday rotation is based on a combination of
Chapter 3 of Rohlfs & Wilson (2006) and Chapter 8 of Rybicki and Lightman (1979).
1.6.1 Monochromatic Light
Monochromatic light is inherently polarized, meaning that the electric field vector of
the wave has a definite orientation. To illustrate the generic case for this, with the
equation for a monochromatic wave:
E = E0e
i(k·r−ωt+φ0) (1.43)
and imagine it is propagating in the zˆ direction, so E = Exxˆ + Eyyˆ. For simplicity,
we will evaluate this wave at the position r = 0 so that k · r = 0. Considering only
the real parts of the equation,
Ex = E1 cos(ωt− φ1), Ey = E2 cos(ωt− φ2). (1.44)
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To simplify the next few steps, we will define the quantity φ such that
φ = φ2 − φ1 (1.45)
Using some trigonometric relations, it is possible to show that
2
ExEy
E1E2
cos(φ) = cos2(ωt) cos2(φ) + cos(ωt) cos(φ) sin(ωt) sin(φ) (1.46)
Using Equations 1.44, 1.45, and 1.46, along with more trigonometric relations
and a bit of algebra, one can show that(
Ex
E1
)2
+
(
Ey
E2
)2
− 2ExEy
E1E2
cos(φ) = sin2(φ) (1.47)
which is the equation for an ellipse. So, in general, monochromatic light is elliptically
polarized. However, the axes of the ellipse will not necessarily coincide with our
coordinate system. To further generalize the polarization of a wave, we must consider
one whose elliptical polarization is rotated with respect to our xˆ − yˆ coordinates.
Figure 1.8 illustrates an example of such a rotated wave.
In the rotated coordinate system, the equation for the ellipse is
Ex′ = Ea cos(ωt− φ), Ey′ = Eb sin(ωt− φ). (1.48)
The relation between the coordinate systems is given by
Ex′ = Ex cos(χ) + Ey sin(χ), Ey′ = −Ex sin(χ) + Ey cos(χ). (1.49)
If we define the parameter
tan(β) =
E0 sin(β)
E0 cos(β)
=
Ea
Eb
(1.50)
we can rewrite the general ellipse relative to the xˆ′ − yˆ′ frame as
Ex′ = E0 sin(β) cos(ωt− φ), Ey′ = −E0 sin(β) cos(ωt− φ). (1.51)
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Using trigonometric relations, subbing Equation 1.44 into 1.49 and equating with
1.51, and evaluating the results at ωt = 0 and ωt = π/2 leads to the following
relationships:
Ea cos(φ) = E0 sin(β) cos(φ) = E1 cos(φ1) cos(χ) + E2 cos(φ2) sin(χ) (1.52a)
Ea sin(φ) = E0 sin(β) sin(φ) = E1 sin(φ1) cos(χ) + E2 sin(φ2) sin(χ) (1.52b)
Eb cos(φ) = E0 cos(β) cos(φ) = −E1 sin(φ1) sin(χ) + E2 sin(φ2) cos(χ) (1.52c)
Eb sin(φ) = E0 cos(β) sin(φ) = −E1 cos(φ1) sin(χ) + E2 cos(φ2) cos(χ) (1.52d)
Squaring and adding these leads to
E20 = E
2
a + E
2
b = E
2
1 + E
2
2 (1.53)
χ
E
aEb
E
x
y
x′
y′
E
x
Ey
Figure 1.8: The polarization ellipse of an electric vector, E, of an elliptically polarized
wave.
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1.6.2 The Stokes Parameters
The Stokes parameters for monochromatic light are defined as (e.g., Rybicki & Light-
man 1979):
I = E20 = E
2
a + E
2
b = E
2
1 + E
2
2 (1.54a)
Q = E20 cos(2β) cos(2χ) (1.54b)
U = E20 cos(2β) sin(2χ) (1.54c)
V = E20 sin(2β) (1.54d)
Notice that this leads to the relation
I2 = Q2 + U2 + V 2. (1.55)
Also, with some simple algebra, we can derive the following:
√
I = E0 (1.56a)
sin(2β) =
V
I
(1.56b)
tan(2χ) =
U
Q
(1.56c)
The Stokes parameters can also be expressed in terms of observables quantities:
I = E21 + E
2
2 (1.57a)
Q = E21 − E22 (1.57b)
U = 2E1E2 cos(φ1 − φ2) (1.57c)
V = 2E1E2 sin(φ1 − φ2) (1.57d)
Using the circular polarization nomenclature, the Stokes parameters are expressed
as
I = RR + LL (1.58a)
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Q = RL+ LR (1.58b)
U = i(LR−RL) (1.58c)
V = LL−RR (1.58d)
1.6.3 Quasi-Monochromatic Waves and Fractional Polariza-
tion
True monochromatic light is never seen in astronomical observations. Instead, we
observe the superposition of many components, each with its own polarization. We
also observe over a non-zero bandwidth (∆ν) and integrate for some amount of time
(∆τ). In the best-case scenario, we imagine we observe a wave that varies slowly in
time:
Ex(t) = E1(t)e
−i[ωt−φ1(t)], Ey(t) = E2(t)e
−i[ωt−φ2(t)]. (1.59)
The time it takes for the wave to change significantly is known as the coherence time
(∆t). The uncertainty relation tells us that ∆ω > 1/∆t.
The Stokes parameters for a quasi-monochromatic wave are
I =
〈
E21
〉
+
〈
E22
〉
(1.60a)
Q =
〈
E21
〉− 〈E22〉 (1.60b)
U = 2 〈E1E2 cos(φ1 − φ2)〉 (1.60c)
V = 2 〈E1E2 sin(φ1 − φ2)〉 (1.60d)
For partially polarized light,
I2 ≥ Q2 + U2 + V 2. (1.61)
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This leads us to define the degree of polarization, or fractional polarization, as
p =
√
Q2 + U2 + V 2
I
. (1.62)
In practice, very few astronomical objects have significant circular polarization,
so in general V ∼ 0. Therefore, the fractional polarization is often taken to be√
Q2 + U2/I.
1.6.4 Faraday Rotation
The problem of an electromagnetic wave propagating through a magnetized plasma
introduces two additional frequencies: the plasma frequency, ωp, and the cyclotron
frequency, ωB. These are given by
ω2p =
4πnee
2
m
(1.63)
where ne is the electron number density in the plasma, and
ωB =
eB0
mc
(1.64)
where B0 is the magnetic field in the plasma. For the case of most astrophysical
plasmas, it is safe to assume that the effects are dominated by electrons, so m = me.
If the plasma magnetic field B0 is much stronger than the magnetic field in the
propagating wave, the equation of motion for an electron in the plasma is approxi-
mated by the Lorentz force,
me
dv
dt
= −eE− e
c
v×B0. (1.65)
Any polarization in the wave can be thought of as a superposition of left and right
circularly polarized components. Notice that right circularly polarized component is
moving with the Lorentz force while the left circularly polarized component is moving
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against it. This causes the two components to propagate at different velocities, given
by
v(t) =
−ie
me(ω ± ωB)E(t) (1.66)
where the + is for the left circularly polarized component and the − is for the right
circularly polarized component. Using the definition of current density, we find
j = −neev = inee
2
me(ω ± ωB)E(t) = σE (1.67)
where σ is the conductivity of the medium. From this, we can calculate the dielectric
constant of the medium ǫ using
ǫ ≡ 1− 4πσ
iω
= 1− 4πnee
2
meω(ω ± ωB) = 1−
ω2p
ω(ω ± ωB) . (1.68)
Separating the conductivity by left and right circular polarization gives us
ǫR = 1−
ω2p
ω(ω + ωB)
, ǫL = 1−
ω2p
ω(ω − ωB) . (1.69)
Because the two components travel at different velocities through the plasma, the
polarization angle χ will change as the wave propagates:
χ = χ0 +∆χ (1.70)
where χ0 is the polarization angle of the wave before it enters the plasma, and ∆χ
is the change in the angle as a result of Faraday rotation.
The observed polarization angle will depend on the distance the wave travels
through the plasma. To find ∆χ, we first need to know that the relative phase
difference between the left and right circularly polarized components at given point
along their path in the plasma is given by
2∆χ =
∫ d
0
(kR − kL)ds (1.71)
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where d is the distance traveled through the plasma and kR,L are the wave num-
bers, kR,L = (ω/c)
√
ǫR,L, and we are assuming the wave numbers are not constant
throughout the plasma. If we assume that ω >> ωp and ω >> ωB, we can use the
binomial expansion to simplify the expressions for kR,L.
kR ≈ ω
c
[
1− ω
2
p
2ω2
(
1− ωB
ω
)]
, kL ≈ ω
c
[
1− ω
2
p
2ω2
(
1 +
ωB
ω
)]
(1.72)
Subbing these into Equation 1.71 leads to
∆χ =
1
2
∫ d
0
ω2pωB
ω2c
ds. (1.73)
To get ∆χ in terms of physical constants, we use the definitions for ωp and ωB, which
leads to
∆χ =
2πe3
m2ec
2
∫ d
0
neB0
ω2
ds. (1.74)
We typically assume that the frequency of the wave does not change as it travels
through the plasma, so ω is constant. It is convention to express ∆χ in terms of
the wavelength λ = 2πc/ω. Also, the only component of the magnetic field that is
important for Faraday rotation is the component parallel to the wave propagation,
B‖. Therefore, we have
∆χ =
λ2e3
2πm2ec
4
∫ d
0
neB‖ds. (1.75)
The quantity
e3
2πm2ec
4
∫ d
0
neB‖ds (1.76)
is known as the Rotation Measure (RM). So, we can express the observed polarization
angle as
χ = χ0 +RMλ
2. (1.77)
The RM can be found by observing a source at multiple wavelengths, plotting the
polarization angle versus λ2, and fitting a straight line. This allows one to calculate
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the initial polarization angle χ0 and, making some assumptions, obtain estimates for
the electron number density and magnetic field strength in the plasma.
For astrophysical sources, the observed RM is related to the intrinsic RM by
RMobs = RMint(1 + z)
−2 (1.78)
where z is the redshift of the source.
1.7 This Dissertation
1.7.1 Goals
The goals of this dissertation are as follows:
I. Compare a population of γ-ray emitting blazars to population of non-γ-ray
emitting blazars and determine what physical characteristics are different between
the two types. Use both archival and contemporaneous data.
II. Investigate possible changes in source radio properties between two observa-
tion epochs.
III. Compare the γ-ray emitting BL Lac objects to the γ-ray emitting FSRQs
to determine if there is a fundamental difference between the two classes of objects,
both in their radio and γ-ray properties.
IV. Investigate possible relationships between radio and γ-ray properties for these
blazars.
V. Investigate the polarization properties of γ-ray emitting blazars.
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1.7.2 Dissertation Organization
Chapter 2 discusses the study of archival VLBA data to look at the differences
between γ-ray emitting and non-γ-ray emitting blazars. Chapter 3 uses contem-
poraneous VLBA data to study the differences between the γ-ray and non-γ-ray
blazar populations and also compares new and old VLBA observations on specific
sources. Chapter 4 presents several radio and γ-ray properties of the γ-ray emitting
blazar population, and possible relationships between them. Chapter 5 focuses on
the polarization properties of a subset of the γ-ray emitting population. Chapter
6 summarizes the conclusions of this dissertation and briefly outlines further study
that should be done in this area.
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Characteristics of Gamma-Ray
Loud Blazars in the VLBA
Imaging and Polarimetry Survey
The contents of this chapter were published in a modified form as Linford, J. D.,
Taylor, G. B., Romani, R. W., Healey, S. E., Helmboldt, J. F., Readhead, A. C. S.,
Reeves, R., Richards, J. L., & Cotter, G. 2011, ApJ, 726, 16. Used with permission.
Abstract:
The radio properties of blazars detected by the Large Area Telescope
(LAT) on board the Fermi Gamma-ray Space Telescope have been ob-
served as part of the VLBA Imaging and Polarimetry Survey (VIPS).
This large, flux-limited sample of active galactic nuclei (AGN) provides
insights into the mechanism that produces strong γ-ray emission. At lower
flux levels, radio flux density does not directly correlate with γ-ray flux.
We find that the LAT-detected BL Lacs tend to be similar to the non-
LAT BL Lacs, but that the LAT-detected FSRQs are often significantly
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different from the non-LAT FSRQs. The differences between the γ-ray
loud and quiet FSRQs can be explained by Doppler boosting; these objects
appear to require larger Doppler factors than those of the BL Lacs. It is
possible that the γ-ray loud FSRQs are fundamentally different from the
γ-ray quiet FSRQs. Strong polarization at the base of the jet appears to
be a signature for γ-ray loud AGN.
2.1 Introduction
Several outstanding questions about γ-ray loud active galactic nuclei (AGN) remain,
including: “why are some sources γ-ray loud and others are γ-ray quiet?” The
answer to this is likely related to Doppler boosting (Jorstad et al. 2001; Taylor et
al. 2007; Kovalev et al. 2009; Lister et al. 2009a; Savolainen et al. 2010), though
many details remain to be filled in. A related question is “where are the γ-rays
produced: in or near the core or throughout the jets?” There are arguments for both
locations (Sikora et al. 2009; Tavecchio et al. 2010; Marscher 2006; Marscher et al.
2008, 2010). In either case it still is unclear how the radio flaring, or the ejection of
new components, is related to the gamma-ray activity, or whether there are multiple
classes of γ-ray blazars (e.g., Sikora et al. 2001, 2002). In addition, Stawarz et al.
(2008) argue that we should detect γ-rays from the compact (<kpc) lobes of young
radio sources.
The Large Area Telescope (LAT; Atwood et al. 2009) on board the Fermi Gamma-
ray Space Telescope is a wide-field telescope covering the energy range from about
20 MeV to more than 300 GeV. At high galactic latitudes 80% (106 of 132) of the
γ-ray bright sources detected in the LAT Bright Source List (BSL) derived from the
first 3 months of Fermi observations (Abdo et al. 2009a) are associated with known
Active Galactic Nuclei (AGN). This trend continues in the LAT first-year catalog
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(1FGL; Abdo et al. 2010a), where 662 of 1043 high latitude sources are associated
with AGN with high confidence (P > 80%). The vast majority of the LAT γ-ray
sources are blazars, with strong, compact radio emission. These blazars exhibit flat
radio spectra, rapid variability, compact cores with one-sided parsec-scale jets, and
superluminal motion in the jets (Marscher 2006). A handful of radio galaxies and
Seyferts have also been identified in the First LAT AGN Catalog (1LAC; Abdo et
al. 2010b). These radio galaxies (e.g., 3C84, M87, Cen A) have faint parsec-scale
counterjets indicating that they are viewed at larger angles to the line-of-sight than
the blazars. Also, there is a much larger fraction of unclassified sources in the 1 year
catalog than was present in the 3 month catalog.
The VLBA Imaging and Polarimetry Survey (VIPS; Helmboldt et al. 2007) was
originally devised to obtain VLBA measurements of AGN in the fifth data release of
the Sloan Digital Sky Survey (DR5; Adelman-McCarthy et al. 2006). It consists of 5
GHz VLBA images and polarization data of 1127 AGN located between declinations
of 15◦ and 65◦. The VIPS sources were drawn from the Cosmic Lens All-Sky Survey
(CLASS; Myers et al. 2003). All VIPS sources were required to have CLASS flux
densities of 85 mJy or more. The VLBA at 5 GHz gives us an angular resolution of
just under 2 milliarcseconds, which allows us to probe sub-parsec scale features of
the objects. Using multi-epoch observations, we will be able to measure the apparent
jet velocities.
Various programs, such as MOJAVE observing at 15 GHz (Lister et al. 2009a;
Homan et al. 2009), the Boston University program observing at 22 and 43 GHz
(Roca-Sogorb et al. 2010), and TANAMI (Ojha et al. 2010a) observing at 8.4 and
22 GHz, are in place to monitor the radio jets from the brightest blazars such as
3C273, BL Lac, etc. The detection of Centaurus A, 3C84 and M87 by Fermi (Abdo
et al. 2009a, 2009b, 2009c) and the detection of M87 at TeV energies (Aharonian
et al. 2006) suggests that other classes of AGN (e.g., radio galaxies) may form a
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significant population of γ-ray emitters. Many of the current programs are strongly
biased towards the radio bright sample. VIPS has a flux limit roughly an order of
magnitude below the MOJAVE survey and most other samples that have been used
to study the properties of γ-ray blazars and so allows us to probe the extension of the
radio core/γ-ray properties down to a fainter population. Many different radio-γ-ray
correlations have been suggested (Taylor et al. 2007, Abdo et al. 2009a, Lister et
al. 2009a, Kovalev et al. 2009, Giroletti et al. 2010). By examining a larger sample
(1127 objects) we attempt to obtain more definitive insight into the properties of
γ-ray loud blazars.
In Section 2.2 we define our sample. In Section 2.3 we present data on the γ-
ray and radio properties of the LAT sources. In Section 2.4 we compare several
parameters of the LAT and non-LAT sources. Notes on some individual objects of
interest are presented in Section 2.5 and in Section 2.6 we discuss our results. Some
conclusions are given in Section 2.7. Throughout this chapter we assume H0 = 71
km s−1 Mpc−1 and ΛCDM cosmology (e.g., Hinshaw et al. 2009).
2.2 Sample Definition
We have compared the 11 month First LAT AGN Catalog (1LAC) to the VLBA
Imaging and Polarimetry Survey (VIPS; Helmboldt et al. 2007), and from the inter-
section compiled a sample of 102 LAT sources at |b| > 10◦ associated with an AGN
with a probability of more than 50% (although most of the probabilities are greater
than 98%). All of these objects were observed with the Very Long Baseline Array
(VLBA) from 1996 to 2006 (although 958 of the 1127 sources were observed during
2006) at 5 GHz. Each VIPS source was observed for approximately 500 seconds,
with scans spread out over 11 hours. See Table 2.1 for a summary of our data. Of
the LAT objects, 40 are BL Lac objects, 50 are FSRQs, and 12 are either radio
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galaxies or unclassified objects. The optical classification were adopted from the
Candidate Gamma-Ray Blazar Survey (CGRaBS; Healey et al. 2008), except that
objects labeled in CGRaBS as ‘AGN’ we call radio galaxies.
To build a γ-ray quiet sample for comparison, we excluded all LAT sources from
the VIPS sample, leaving 1018 objects in our non-LAT sample. Of these 1018 ob-
jects, 24 are BL Lac objects, 479 are FSRQs, and 515 are either radio galaxies or
unclassified objects.
2.3 Gamma-ray Flux and Radio Flux Density
The radio flux densities in this section, and those listed in Table 2.1, are measured
at 8.5 GHz from CLASS (Myers et al. 2003). For this section we also include 7
MOJAVE-detected γ-ray loud sources for which we had CLASS flux densities, in-
creasing the size of our LAT sample to 109 sources.
2.3.1 Redshift Selection Effect
Throughout the rest of this chapter, we will use the nonparametric Spearman test
(e.g., Press et al. 1986) to look for correlations between the LAT-detected and non-
LAT-detected objects. The Spearman correlation coefficient (ρs) has a range of
0 < |ρs| < 1. A high value of ρs indicates a significant correlation. This is a powerful
test for statistical correlation, but it does not test an actual physical correlation. In
order to be certain our correlations are physically significant, we make sure that a
redshift selection effect is not adding a bias to our data.
Imagine a population of sources covering a wide range of redshifts in which the
radio and γ-ray emission is not physically correlated, but in which there is a correla-
34
Chapter 2. Gamma-Ray Blazars in VIPS
tion of radio flux and gamma-ray flux with redshift. This is actually what one would
naively expect because the more distant objects will be fainter. Such a population
will show a strong correlation of radio flux with gamma ray flux via the Spearman
test, but this does not indicate a significant physical correlation between these two
observables.
However, by investigating the relationship between radio flux density and redshift
for the LAT-detected sources (see Figure 2.1) we can rule out a correlation between
the two. We calculated the Spearman ρs values for the S8.5-z relationship for the BL
Lac objects and FSRQs separately. For the BL Lac objects, the ρs value is 0.0737,
with a 79% probability that random sampling would produce this same ρs value. For
the FSRQs, the ρs value is 0.0450, with a 74% probability of getting the same value
by random sampling. Therefore, there is no significant correlation between the radio
flux density and redshift for our objects.
For completeness, we also tested the correlation between γ-ray flux and redshift.
The ρs values are -0.319 for BL Lac objects and 0.104 for FSRQs, with the probability
of getting the same values from random sampling of 21% and 45%, respectively.
So, there is no significant correlation between γ-ray flux and redshift, either. See
Figure 2.2 for a plot of γ-ray flux versus redshift.
The lack of correlation between flux and redshift may be surprising, but it is
important to remember that these blazars are not isotropic sources. That is, their
radiation is strongly beamed in the direction of their jet. Therefore, the flux one
sees is more dependent on the angle between the jet and the observer’s line of sight
than on the distance to the object. The lack of correlation simply shows that there
is a range of of viewing angles, and therefore luminosities, for these sources at all
redshifts.
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2.3.2 Gamma-ray Flux vs. Radio Flux Density
In Figure 2.3 we plot the LAT flux versus the flux density at 8.5 GHz from the
CLASS. The LAT fluxes are broadband fluxes from 100 MeV to 100 GeV. The BL
Lac objects have a large range in their flux density and γ-ray flux, but one can see
a large fraction of them have relatively low radio flux density (S8.5 < 400 mJy) but
relatively high γ-ray flux (Fγ > 2.5 × 10−8 photons cm−2 s−1), which indicates the
BL Lac objects may not produce their synchrotron and gamma-ray emission in the
same area. The FSRQ objects also have a very large range in both their radio flux
density and their γ-ray flux, but the higher flux density FSRQs also tend to have
higher γ-ray flux. Overall, there is a lack of strong (Fγ > 8 × 10−8 photons cm−2
s−1)γ-ray emitters among the weak (S8.5 < 400 mJy) radio sources, but the weak
γ-ray emitters can be bright or faint at radio wavelengths. The median γ-ray flux
is 3.5 × 10−8 photons cm−2 s−1 for BL Lac objects, 3.7 × 10−8 photons cm−2 s−1
for FSRQs, and 3.8× 10−8 photons cm−2 s−1 for the radio galaxies and unclassified
objects.
The Spearman ρs values we found were 0.217 for the BL Lac objects, 0.318
for the FSRQs, and -0.413 for the radio galaxies and unclassified objects. For the
BL Lac objects and radio galaxies/unclassified objects, the chances that random
samplings would result in the same ρs values were greater than 16%, indicating a
lack of correlation between radio flux density and γ-ray flux. For the FSRQs, the
chance of a random sampling having the same ρs was only 1.7%, which indicates
that there is a significant correlation between 8.5 GHz flux density and γ-ray flux for
the FSRQs. However, when we exclude the brightest 10% of sources in the radio, we
find that the remaining FSRQs no longer correlate. The weaker 90% of sources have
ρs’s of 0.135 for BL Lac objects and 0.159 for FSRQs, with the chances of random
samples having the same ρs values of 18% for BL Lac objects and 33% for FSRQs.
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The lack of correlation for BL Lac objects is counter to what has been reported
in other studies. Kovalev et al. (2009) find a definite correlation for their MOJAVE
sources at 15 GHz. Their radio data were taken closer to the LAT measurements,
and the γ-ray blazars are suspected to have higher radio flux densities during or
shortly after γ-ray emission (Pushkarev et al. 2010). However, their sample is only
about 1/3 the size of ours and it is biased to sources with high radio flux density
(>1.5 Jy). Very strong flux-flux correlations are found by Ghirlanda et al. (2011) at
20 GHz. They have a larger sample than ours with 230 LAT sources, about half of
which are FSRQs. However, their sample is also mostly comprised of bright sources.
More than half of their sources have S20 > 500 mJy, compared to our sample where
about 1/3 have S8.5 > 500 mJy.
To see if we could reproduce the correlation seen by others, we applied the Spear-
man test to the 36 sources with 8.5 GHz flux densities above 500 mJy. This subsample
is roughly the brightest third of our overall sample and contains 11 BL Lac objects
and 25 FSRQs. At first, we did not break the subsample into optical types. The
result is a ρs of 0.390. The chance of a random sampling having the same ρs value
as our strong source subsample was only 1.9%, indicating that this is a significant
correlation. When the subsample was broken up by optical type, the ρs’s were 0.214
for BL Lac objects and 0.422 for FSRQs. The chances of random samples having
the same ρs’s were 69% and 3.7%, respectively. So we find that FSRQs exhibit a
significant correlation between radio flux density and γ-ray flux but BL Lac objects
do not, even when limited to the strongest radio sources. Any sample that contains
mostly high radio flux density objects will automatically be dominated by FSRQs
and will likely show a correlation between radio flux density and γ-ray flux.
We had redshift measurements for most (∼ 71%) of our sources, so we could
look for a correlation between the radio and γ-ray luminosities. However, since
both luminosity calcualtions contain a z2, there is automatically a strong correlation
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falsely induced. Therefore, one has to be extremely careful in looking for a real
luminosity-luminosity correlation, and we felt it was beyond the scope of this project.
Others have attempted this treatment and reported strong luminosity-luminosity
correlations for BL Lac objects and FSRQs (Ghirlanda et al. 2010).
2.3.3 Radio Flux Density
The median flux density at 8.5 GHz is 247 mJy for the LAT BL Lac objects and 276
mJy for the non-LAT BL Lac objects. The LAT FSRQs appear to have significantly
higher flux densities than the non-LAT FSRQ, with a median of 377 mJy for LAT
FSRQs compared to a median of 238 mJy for non-LAT FSRQs. The LAT radio
galaxies and unclassified objects also have higher 8.5 GHz flux densities than the non-
LAT sources. The median flux density for LAT radio galaxies/unclassified objects is
207 mJy and the median flux density for non-LAT radio galaxies/unclassified objects
is 119 mJy. The Kolmogorov-Smirnov (K-S) test probability that the LAT and non-
LAT BL Lac objects belong to the same parent population is about 81%. The K-S
test probability that the LAT and non-LAT FSRQs are related is only 0.3%. The
radio galaxy/unclassified objects K-S test probability is 0.01%.
2.4 Morphological Comparison
2.4.1 Source Classes
VIPS sources are classified as point sources (PS), short jets (SJET), long jets (LJET),
complex (CPLX), or compact symmetric object candidates (CSO) by the automatic
classification scheme of Helmboldt et al. (2007). See Table 2.2 for the source clas-
sifications for both LAT and non-LAT sources in VIPS. From the classifications, it
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appears that short jet and point source BL Lac objects are less likely to produce
γ-rays. About 75% of the LAT BL Lac objects are classified as LJET, compared
to only 45% for the non-LAT BL Lac objects. The major difference between LAT
and non-LAT FSRQs is the lack of CSOs in the LAT sample. There is also a lack of
CSOs among the LAT radio galaxies and objects without an optical classification.
2.4.2 Polarization
Polarization is detected from the cores of nearly half (49 of 102) of the LAT sources
in our sample. We define the core as the bright compact component at the base of
the jet. In order to be considered a “polarized” source, the source had to have a
polarized flux of at least 0.3% of the Stokes I peak value (to avoid leakage contami-
nation) and have at least a 5σ detection (compared to the noise image generated by
the AIPS task COMB). We detected polarization in the core of 17 of the 40 BL Lac
objects, 24 of the 50 FSRQs, and 8 of the 12 radio galaxies and unclassified objects.
For the non-LAT sources, core polarization is detected in only 270 of the total 1018
sources. There are 10 of 24 non-LAT BL Lac objects, 158 of 479 FSRQs, and 102
of 515 radio galaxies or unclassified objects detected. The LAT FSRQs and radio
galaxies/unclassified objects tend to have polarization in their cores more than their
non-LAT counterparts. In contrast, the LAT BL Lac objects do not appear to be any
more likely to have polarized cores than the non-LAT BL Lac objects. The distribu-
tions of fractional polarization in the cores for LAT and non-LAT FSRQs, and radio
galaxies/unclassified objects are shown in Figure 2.4. The K-S test probabilities that
these distributions were drawn from the same parent populations are 84.6% for the
BL Lac objects, 39.4% for the FSRQs, and 76.9% for the radio galaxies/unclassified
objects.
Our polarization results are different than those reported by Hovatta et al. (2010)
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with their MOJAVE data at 15 GHz. They found that the median fractional polar-
ization for the cores of LAT-detected sources were higher than for non-LAT sources.
Their median values for their 2008-2009 observations are 2.5% for LAT-detected
sources and 1.86% for non-LAT sources. Our overall median values are 3.5% for
LAT sources and 4.4% for non-LAT sources. However, our result is not of high sig-
nificance as the standard deviations are 2.5% for LAT sources and 3.4% for non-LAT
sources. It should also be noted that our VIPS data are not contemporaneous with
LAT observations. It is possible that polarization increases with γ-ray emission. In
fact, the MOJAVE data indicate that the polarization levels were stronger during
the LAT detections than in previous years (2002 - 2008), but only by a factor of 1.2.
2.4.3 Core Brightness Temperature
We have obtained the brightness temperatures from automatic modelfits to source
components as described in Helmboldt et al. (2007). For sources with two or fewer
components we have further refined our model-fitting procedure by fitting to the
visibility data directly (Taylor et al. 2007). Only image plane model-fitting was
carried out in Helmboldt et al. (2007) due to the tendency for the automatic visibility
modelfitting to go awry for complicated sources.
There is strong evidence that the brightness temperature for the cores of the
LAT-detected sources may be higher than the γ-ray quiet population (see the FSRQ
and radio galaxy/unclassified distributions in Figure 2.5). The BL Lac objects are
the exception to this trend. The median core brightness temperature for BL Lac
objects detected by LAT is about 2.6 × 1010 K, while the median for remaining
non-LAT BL Lac objects is 2.7 × 1010 K. The K-S test probability for these two
distributions coming from the same parent population is 93.6%. The median core
brightness temperature for FSRQ objects in the LAT sample is 8.2 × 1010 K, while
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the non-LAT FSRQ median is only about 2.5 × 1010 K. The K-S test probability
that the two FSRQ distributions come from the same parent population is very
low (0.001%). The median core brightness temperature for LAT radio galaxies and
unclassified objects is 3.9×1010 K, and for non-LAT objects the median is 1.0×1010
K. The K-S test probability that these distributions are drawn from the same parent
sample is only 4.4%.
Interestingly, γ-ray flux does not appear to have any relation to core brightness
temperature. We applied the Spearman test to the γ-ray vs. core brightness tem-
perature distributions and found correlation coefficients of 0.093 for BL Lac objects,
0.111 for FSRQs, and -0.181 for radio galaxies and unclassified objects.
2.4.4 Jet Opening Angle
We have measured a mean opening half-angle by the following procedure (Taylor et
al. 2007): We measure the separation of each jet component from the core along the
jet axis (taken to be a linear fit to the component positions) and the distance of
each component from the jet axis, i.e., x’ and y’ positions in a rotated coordinate
system with the jet axis along the x’-axis. For each component, we measure its extent
from its center along a line perpendicular to the jet axis using the parameters of its
elliptical fit, and then deconvolve this using the extent of the Gaussian restoring
beam along the same line. The opening half-angle measured from each component
is then taken to be
ψ = arctan[(|y′|+ dr)/|x′|] (2.1)
where dr is the deconvolved Gaussian size perpendicular to the jet axis. After mea-
suring this for each jet component, we average them to get a single value. This is
only done for sources with more than 2 total components, (i.e., at least 2 jet compo-
nents). Unfortunately, we can only make quantitative estimates for 30 of the LAT
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sources; 16 BL Lac objects, 9 FSRQs, and 5 radio galaxies or unclassified objects.
The distributions of opening angles are shown in Figure 2.6. Although this is based
on very small statistics there is evidence that the LAT source jets have unusually
large opening angles. This is especially true for the FSRQ detected by LAT. The
MOJAVE (Pushkarev et al. 2009) and TANAMI (Ojha et al. 2010a) groups both
reported larger opening angles for γ-ray loud blazars. Taylor et al. (2007) also found
evidence for larger opening angles in EGRET sources. Larger apparent opening an-
gles can result from a source’s jet axis being more closely aligned with the line of
sight and/or from the source having a larger intrinsic jet opening angle.
We found 10 LAT-detected objects with opening angles greater than 30 degrees.
The large opening angle objects are BL Lac objects and FSRQs, 5 of each. See
Figure 2.7 for contour maps of these 10 sources.
2.4.5 Core Fraction
We define the core fraction as the ratio of flux density in the core compared to the
total flux density at 5 GHz. A high core fraction can be an indication of a high
Doppler factor. Taylor et al. (2007) reported that EGRET sources tended to have
greater core fractions than sources not detected by EGRET. With the LAT sources,
we find that this is not the case. The median core fractions are 0.868 for LAT BL
Lac objects and 0.896 for non-LAT BL Lac objects, 0.939 for LAT FSRQs and 0.929
for non-LAT FSRQs, and 0.889 for LAT radio galaxies/unclassified objects and 0.886
for non-LAT radio galaxies/unclassified objects. The K-S test probabilities that the
distributions were drawn from the same parent distribution are 26.4% for BL Lac
objects, 16.1% for FSRQs and 23.5% for radio galaxies/unclassified objects.
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2.4.6 Jet Bending, Length, and Brightness Temperature
We can also compare the amount of bending in the jet on the parsec scale for the
LAT sources compared to non-LAT sources. Unfortunately, as with the jet opening
angle measurements, we are limited to only 30 LAT sources and the results are
inconclusive. A change in jet direction can indicate how the blazar’s surrounding
environment has affected its evolution. It could also indicate that the source’s jet
axis may precess over time.
We compared the distribution of jet length in LAT sources with non-LAT sources.
There does not appear to be an appreciable difference between the two populations of
FSRQ and radio galaxies/unclassified objects. The K-S test results are 63.3% for the
FSRQ objects, and 64.6% for the radio galaxy and unclassified objects. Interestingly,
the BL Lac objects in the LAT sample appear to have longer jets than the non-LAT
BL Lac objects. The distributions for the BL Lac objects are shown in Figure 2.8.
The K-S test probability that the two are drawn from the same distribution is 2.1%.
The FSRQ and AGN/other objects have essentially the same distributions.
Unlike the core brightness temperatures, the jet brightness temperatures (for-
mally, the brightness temperature of the brightest jet component) for the LAT and
non-LAT distributions look fairly similar. The K-S test probabilities for the BL Lac
object, FSRQ, and radio galaxy/other pairs of distributions are 34.2%, 92.1%, and
83.5% respectively.
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2.5 Notes on Individual Sources
2.5.1 Low Core Brightness Temperature
J09576+5522 With a core brightness temperature of only 9.7× 108 K, this FSRQ
has a γ-ray flux of 106.5±7.4×10−9 photons cm−2 s−1, nearly three times the median
for FSRQs. Also known as [HB89] 0954+556, it has a redshift of 0.896 (Abazajian
et al. 2004) and a 8.5 GHz flux density is 1.5 Jy. This FSRQ has been studied
in the UV (Pian, Falomo, & Treves 2005), radio, X-ray (Tavecchio, et al. 2007),
and was detected in the γ-rays by EGRET (Hartman et al. 1999). Tavecchio et al.
(2007) noted that X-ray flux was only found at the terminal portion of the jet. The
automated program initially reported the core brightness temperature for this object
to be 1.2 × 108 K. We suspected the program did not generate an accurate model
for this source. When we did the model fitting by hand in DIFMAP, we calculated
a core brightness temperature of 9.7× 108 K. This is the lowest core temperature of
all objects in our LAT sample. This object is featured in Figure 2.7 because its jet
opening angle is about 60◦.
J08163+5739 The automated program found that this BL Lac object had a core
brightness temperature of only 4.16 × 107 K. Again, when we did the model-fitting
by hand we calculated a core brightness temperature of 1.6× 109 K. Even with this
higher core brightness temperature, this object is still the coolest BL Lac object in
our LAT sample. This object has a γ-ray flux of 15.2 ± 0.3 × 10−9 photons cm−2
s−1. It is a compact and weak radio source with a radio flux density of 92 mJy at
8.5 GHz. There is no measured redshift for this object. It is also known as SBS
0812+578 and 1RXS J081624.6+573910. It has a small jet extending to the east.
This object is featured in Figure 2.7 because its jet opening angle is approximately
52◦.
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2.5.2 High Redshift
J07464+2549 With a redshift of 2.979 (Abazajian et al. 2004), this FSRQ has a
γ-ray flux 42.3 ± 7.9 × 10−9 photons cm−2 s−1. Its core brightness temperature is
5.07×1011 K, which is well above the median for the LAT-detected FSRQs. It is also
known as B2 0743+25 and RX J0746.4+2549. It is a relatively compact and bright
radio source with a flux density of 731 mJy at 8.5 GHz (see Figure 2.9). It has a very
small jet extending to the north. In 2005, the Burst Alert Telescope on board the
Swift satellite detected a flare of 15-195 keV emission from this object (Sambruna et
al. 2006).
J08053+6144 With a redshift of 3.033 (Sowards-Emmerd et al. 2005), this FSRQ
has the highest redshift among the LAT-detected objects. It has a γ-ray flux 36.0±
8.9×10−9 photons cm−2 s−1. Its core brightness temperature is 1.30×1011 K, which
is slightly higher than the median for LAT-detected FSRQs. This object is fairly
bright in the radio with a flux density of 725 mJy at 8.5 GHz. It has a short jet
extending to the southeast (see Figure 2.9).
2.5.3 Radio Galaxies
Our sample contains six sources identified as radio galaxies, although in some cases
there is controversy in this identification as described below.
J09235+4125 This object is also known as B3 0920+416 and GB6 J0923+4125. It
has a γ-ray flux of 40.6±10.0×10−9 photons cm−2 s−1 and a redshift of 0.028 (Falco,
Kochanek, & Mun˜oz 1998). Its peak radio flux density is 120 mJy at 8.5 GHz. It has
a short jet extending to the east (see Figure 2.9). The NASA/IPAC Extragalactic
Database (NED) classifies this object as a FSRQ. However, this is probably an error.
Falco, Kochanek, & Mun˜oz (1998) call it a “late-type galaxy.”
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J12030+6031 This object is also known as SBS 1200+608 and RX J1203.0+6031.
It has a γ-ray flux of 44.8 ± 0.3 × 10−9 photons cm−2 s−1 and a redshift of 0.065
(Falco, Kochanek, & Mun˜oz 1998). Its peak radio flux density is 105 mJy at 8.5
GHz. It has a short jet extending to the south (see Figure 2.9). Ve´ron-Cetty &
Ve´ron (2006) classify this object as a low ionization nuclear emission region (LINER)
galaxy, sometimes referred to as a Seyfert 3.
J13307+5202 This radio galaxy is also known as CGRaBS J1330+5202. It has an
upper limit to its γ-ray flux of 41.5× 10−9 photons cm−2 s−1 and a redshift of 0.688
(Healey et al. 2008). It has a peak radio flux density of 127 mJy at 8.5 GHz and a
jet extending to the southwest (see Figure 2.9). Sowards-Emmerd et al. (2005) list
it as an unknown optical type.
J16071+1551 This object is also known as [HB89] 1604+159. It is an EGRET-
detected source known as 3EG J1605+1553. It has a LAT γ-ray flux of 33.9± 7.7×
10−9 photons cm−2 s−1 and a redshift of 0.496 (Adelman-McCarthy et al. 2008).
It has a peak radio flux density of 214 mJy at 8.5 GHz and a jet extending to the
east (see Figure 2.9). Ve´ron-Cetty & Ve´ron (2006) classify this object as a BL Lac
object.
J16475+4950 This object is also known as SBS 1646+499 and 1RXS
J164735.4+495001. It has a γ-ray flux of 33.3± 8.5× 10−9 photons cm−2 s−1 and a
redshift of 0.047 (Falco, Kochanek, & Munoz 1998). It has a peak radio flux density
of 131 mJy at 8.5 GHz. It has a very short jet extending to the southeast (see
Figure 2.9). The spectrum in Marcha et al. (1996) indicates that this object is a
Seyfert 1 blazar.
J17240+4004 This object is also known as B2 1722+40 and RX J1724.0+4004.
It has a γ-ray flux of 47.1 ± 9.0 × 10−9 photons cm−2 s−1 and a redshift of 1.049
(Vermeulen, Taylor, & Readhead 1996). This is the brightest radio galaxy in our
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sample with a peak flux density of 323 mJy at 8.5 GHz. It has a long jet extending to
the northwest (see Figure 2.9). Ve´ron-Cetty & Ve´ron (2006) tentatively classify this
object as a BL Lac object. However, the spectrum in Vermeulen, Taylor, & Readhead
(1996) does not support this classification. The spectrum has only narrow lines, so
it cannot be a FSRQ, and the equivalent widths are greater than 5 angstroms, so it
cannot be a BL Lac object.
2.6 Discussion
One of the primary explanations for some AGN being γ-ray loud is Doppler Boosting.
The orientation and material speed of the AGN jets have a large effect on their
observed fluxes due to the Doppler effect. The kinematic Doppler factor for a moving
source is defined as
δ = [Γ(1− β cos θ)]−1 (2.2)
where β is the bulk velocity v/c, Γ is the Lorentz factor, Γ = (1 − β2)−1/2, and θ
is the angle between the velocity vector and the line of sight. Emissions from an
approaching source are blue-shifted by
ν = δν ′ (2.3)
where ν ′ is the frequency in the source’s rest frame. The intensity enhancement,
commonly known as the “Doppler boosting”, is given in Rybicki and Lightman (1979)
as
Iν(ν) = δ
3I ′ν′(ν
′). (2.4)
Because LAT measures the flux across a large bandwidth (1 to 100 GeV), we have
to integrate over frequency:
F =
∫
Iνdν =
∫
δ3I ′ν′δdν
′ = δ4F ′ (2.5)
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Therefore, a small difference in material velocity or orientation angle leads to a large
difference in intensity. See Urry & Padovani (1995) for a more thorough discussion
of Doppler enhancement.
2.6.1 BL Lac Objects
Almost two-thirds of the BL Lac objects in VIPS are detected by LAT, and the
only significant difference between the LAT and non-LAT populations is in their jet
lengths. We have shown that the LAT BL Lac objects have longer jets than the non-
LAT BL Lac objects (see Section 2.4.6). There are no differences in the fraction of
polarized BL Lac objects or the distributions of the polarization. The LAT and non-
LAT BL Lac objects have nearly identical core brightness temperature distributions.
Why are the non-LAT BL Lac objects quiet in the γ-ray? It is possible that the
non-LAT BL Lac objects are fundamentally different from the LAT BL Lac objects,
but it must be in some subtle way. It seems more likely that all the BL Lac objects
are emitting in the γ-ray, but some are emitting below the threshold for the LAT to
detect.
Initially, we suspected that the non-LAT BL Lac objects might have been too far
away to detect their γ-rays. The more distant BL Lac objects definitely have lower
γ-ray flux, but it is clear that the non-LAT BL Lac objects are not at higher redshifts
than the LAT BL Lac objects. While we only have redshift measurements for 16 of
the LAT BL Lac objects and 15 of the non-LAT BL Lac objects, that is still enough
to rule out redshift as the cause of LAT non-detection. The maximum measured
redshift for the LAT BL Lac objects is 0.56. Nearly half (11/24) of the non-LAT
BL Lac objects have redshifts lower than 0.56. Also, there is no strong correlation
between redshift and γ-ray flux for the BL Lac objects (see Section 2.3.1).
The prevalence of long-jet BL Lac objects is an interesting clue to this puzzle.
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The K-S test result of 2.1% for the jet length distributions (see Section 2.4.6) is
only of modest statistical significance, but the fact that a larger percentage of the
LAT BL Lac objects are classified as LJET than the non-LAT BL Lac objects (see
Table 2.2) supports it. One would expect the jets to appear shorter if they are
pointed more directly at us. However, if the γ-ray loud BL Lac objects have higher
Doppler Factors than their γ-ray quiet counterparts, that would indicate that the
LAT BL Lac objects have more powerful jets than the non-LAT BL Lac objects. A
more powerful jet will appear longer even when viewed at a small angle.
Because we find that the LAT BL Lac objects have longer jets than non-LAT BL
Lac objects, the orientation angle for LAT BL Lac objects cannot be smaller than
non-LAT BL Lac objects. The non-LAT BL Lac objects could have slightly lower
jet speeds. This can explain why the LAT BL Lac objects have longer jets and why
they are γ-ray loud. Unfortunately, this theory is not supported by recent work by
Lister et al. (2009b), where they find that two non-LAT BL Lac objects have higher
maximum jet material velocities than LAT BL Lac objects. However, they only had
10 BL Lac objects in their LAT-detected sample, so this is still an open question.
BL Lac objects are known to have high variability in their flux densities. The
non-LAT BL Lac objects could currently be in low γ-ray luminosity states, but may
enter states of enhanced γ-ray activity at a later time. It is possible that the jet
material speed is related to this flux variability. Based on the number of BL Lac
objects in our sample, the duty cycle would need to be about 2/3 over the course of
1 year.
2.6.2 FSRQs
The LAT FSRQs seem to be substantially different from the non-LAT FSRQs. Only
about 9% (50/529) of the FSRQs in VIPS are γ-ray loud. This indicates that the LAT
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FSRQs are special in some way. Recall from Section 2.3.2 that γ-ray flux correlates
with radio flux density for FSRQs, especially for high flux density sources. Also,
in general the LAT FSRQs have significantly higher core brightness temperatures,
with the notable exception of J09576+5522, and they appear to have larger opening
angles. So, brighter FSRQs are more likely to produce γ-rays. We showed in Section
2.3.1 that γ-ray flux does not correlate with redshift, so we do not expect the LAT
FSRQs to have lower redshift than their non-LAT counterparts. We explored the
possibility that LAT FSRQs were at low redshift, but found that they cover a range
similar to the non-LAT FSRQs.
The γ-ray flux from FSRQs can be explained with Doppler boosting, but requires
a more dramatic difference than with the BL Lac objects. Lister et al. (2009b)
reported that LAT-detected FSRQs had higher median jet speeds than LAT-detected
BL Lac objects by more than a factor of two. It is also possible that there are two
subclasses for FSRQs: γ-ray loud and γ-ray quiet. The difference in γ-ray detection
rates for FSRQs could also be due to variations in the γ-ray emission, however the
duty cycle required (about 10%) is much more extreme than for the BL Lac objects.
A larger fraction of the LAT FSRQs have polarization in their cores compared
to the non-LAT FSRQs. We detected polarization in the cores of 48% of the LAT
FSRQs compared to 33% of the non-LAT FSRQs, a difference that is significant at
about the 1-sigma level. This points to an intrinsic difference in γ-ray quiet versus
γ-ray loud FSRQs. The higher polarization could indicate more organized magnetic
fields, possibly pointing to a greater spin of the supermassive black hole (Meier
2001). A higher black hole spin would also lead to higher material velocities in the
jets (Meier 1999).
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2.6.3 Radio Galaxies
There is a definite lack of CSOs among the LAT-detected objects. This is not
surprising from a Doppler boosting point of view. For an object to appear symmetric,
we need to see it close to “edge on” so we can see both jets. With the jets pointed
nearly perpendicular to our line of sight, we would not expect to see much Doppler
boosting in the radiation. However, Stawarz et al. (2008) suggested that CSOs
should account for a “relatively numerous class of extragalactic sources” for the
Fermi Gamma-ray Space Telescope due to ultrarelativistic electrons in the lobes of
these compact objects. We have yet to detect any γ-rays from a CSO.
The LAT radio galaxies and unclassified objects are a puzzle. They do not appear
to differ significantly from their non-LAT counterparts in any appreciable way. Their
opening angles appear to be very similar to the non-LAT objects and they are not
particularly bright in the radio. The LAT radio galaxies/unclassified objects may
have higher core temperatures than the non-LAT objects. The one difference that
stands out is that we detected polarization in the cores of 67% of the LAT radio
galaxies/unclassified objects compared to only 20% for their non-LAT counterparts.
Unfortunately, our current sample is too small to make any definite claims about
these objects. There is also controversy about the optical types of several of the
objects we label as radio galaxies.
2.6.4 Constraints on the γ-ray Emitting Region
The major differences between LAT and non-LAT sources are confined to the cores of
the sources. The LAT BL Lac objects have stronger jets, suggesting higher ejection
velocities from the cores. The LAT FSRQs have higher core temperatures and more
frequently exhibit polarized cores. The LAT radio galaxies/unclassified objects are
also more polarized than their non-LAT counterparts. We suspect that the γ-rays
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are being produced very near to the cores of these objects. To put a limit on the size
of the γ-ray emitting region, we measured the sizes of the cores for several objects.
Using all of the objects for which we have measured redshifts, the median upper
bound on the core size is 4.54 pc with a standard deviation of 10.98 pc. However,
a better estimate for the upper limit on the size of the emitting region should come
from measurements of the objects nearest to us. Limiting ourselves to objects with
z ≤ 0.1, we have 4 BL Lac objects and 3 radio galaxies (a LINER, a Seyfert 1, and
an object that may actually be a FSRQ). Using this subset of sources, we find a
median upper bound on the core size of 0.58 pc with a standard deviation of 0.34 pc.
Therefore, the γ-ray emission region must be within about 0.9 parsecs of the central
engine.
2.7 Conclusions
We compared the distributions of core polarization, core brightness temperature,
jet opening angles, core fractions, jet bending, jet length, and 8.5 GHz radio flux
densities for LAT and non-LAT sources. The only significant difference between the
LAT and non-LAT BL Lac objects is that the γ-ray loud BL Lac objects appear
to have longer jets. Also, we find no correlation between BL Lac object radio flux
density and γ-ray flux. We suspect that all BL Lac objects are producing γ-rays,
but some are below LAT’s threshold due to jet material speed, or possibly variability
in the γ-ray luminosity. In contrast, γ-ray bright FSRQs are considerably different
from the γ-ray quiet population. The LAT FSRQs appear to be extreme sources
with higher core brightness temperatures, larger opening angles, and greater core
polarization than their non-LAT counterparts. There is also a significant correlation
between the FSRQ radio flux density and γ-ray flux, especially for brighter sources.
The γ-ray loud FSRQs can be explained by Doppler boosting, but the orientation
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and/or jet material speeds must be significantly different than the γ-ray quiet FSRQs.
One possible way to explain this difference is that the γ-ray loud FSRQs may have
greater angular momentum in their central supermassive black holes, leading to
higher jet velocities and greater polarization. Due to the small number of radio
galaxies in our sample, combined with the controversy over some of their optical
types, there is little we can say about γ-ray bright radio galaxies. However, we do
find two intriguing clues about them. First, there are no γ-ray loud CSOs in our
sample. Second, the radio galaxies that we do detect in the γ-rays tend to have
strong polarizations in their cores.
Because the differences we find between the γ-ray loud and γ-ray quiet objects
are related to the core, we suspect that the γ-ray radiation originates within the core
(i.e., at the base of the jet). By calculating the core sizes of the LAT objects with
measured redshifts, we put an upper limit of 15 pc on the size of this emitting region.
A better limit of 0.9 pc results from using the core sizes of the lowest redshift objects
in our LAT sample.
As more data are collected more will become clear about γ-ray loud blazars. We,
and several other groups, are currently conducting further observations. We will soon
have more information about the velocities of the jet material and more associations
of AGN with γ-ray sources.
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Table 2.1: LAT Sources in VIPS
1FGL Name VIPS Name RA DEC Prob1 Type2 z3 F35
4 ∆ F35
4 Core TB
5 Open. Ang.6 ∆ PA6 S (8.5 GHz)7
1FGL J0742.2+5443 J07426+5444 07:42:39.8 +54:44:24.679 1 FSRQ 0.723 2.2 0.3 5.26E+10 . . . . . . 142.8
1FGL J0746.6+2548 J07464+2549 07:46:25.9 +25:49:02.146 0.98 FSRQ 2.979 0.7 0.2 5.07E+11 . . . . . . 291.7
1FGL J0752.8+5353 J07530+5352 07:53:01.4 +53:52:59.636 1 BLL 0.2 1.2 0.3 6.79E+11 . . . . . . 1196.9
1FGL J0800.5+4407 J08011+4401 08:01:08.3 +44:01:10.148 0.92 . . . . . . 0.7 0.3 7.36E+10 . . . . . . 230.6
1FGL J0806.2+6148 J08053+6144 08:05:18.2 +61:44:23.704 0.94 FSRQ 3.033 0.6 0.2 1.30E+11 . . . . . . 725.7
1FGL J0809.4+3455 J08096+3455 08:09:38.9 +34:55:37.248 0.99 BLL 0.082 0.7 0.3 2.48E+10 . . . . . . 152.1
1FGL J0809.5+5219 J08098+5218 08:09:49.2 +52:18:58.252 0.99 BLL 0.138 2.4 0.3 4.83E+09 . . . . . . 154.2
1FGL J0815.0+6434 J08146+6431 08:14:39.2 +64:31:22.040 0.99 BLL . . . 1.7 0.3 2.79E+10 . . . . . . 221.6
1FGL J0816.7+5739 J08163+5739 08:16:23.8 +57:39:09.509 1 BLL . . . 0.7 0.3 4.16E+07 52 8 92
1FGL J0818.2+4222 J08182+4222 08:18:16.0 +42:22:45.408 1 BLL . . . 8.7 0.6 3.76E+10 . . . . . . 1046.4
1FGL J0825.0+5555 J08247+5552 08:24:47.2 +55:52:42.662 0.99 FSRQ 1.417 0.9 0.3 7.86E+10 15 -7 1667.8
1FGL J0834.4+4221 J08338+4224 08:33:53.9 +42:24:01.859 0.98 FSRQ 0.249 0.9 0.2 8.66E+09 . . . . . . 560.8
1FGL J0856.6+2103 J08566+2057 08:56:39.7 +20:57:43.426 0.94 BLL . . . 1 0.3 8.98E+09 . . . . . . 132.7
1FGL J0856.6+2103 J08569+2111 08:56:57.2 +21:11:43.640 0.96 FSRQ 2.098 1 0.3 1.70E+10 . . . . . . 332.8
1FGL J0910.7+3332 J09106+3329 09:10:37.0 +33:29:24.418 1 BLL 0.354 0.8 0.3 7.40E+10 . . . . . . 88.6
1FGL J0911.0+2247 J09107+2248 09:10:42.1 +22:48:35.565 0.98 FSRQ 2.661 2 0.3 8.82E+10 . . . . . . 178.8
1FGL J0912.3+4127 J09121+4126 09:12:11.6 +41:26:09.356 0.98 FSRQ 2.563 0.6 0.2 8.06E+09 . . . . . . 166.9
1FGL J0915.7+2931 J09158+2933 09:15:52.4 +29:33:23.982 1 BLL . . . 2.1 0.3 1.87E+10 37 6 186.1
1FGL J0919.6+6216 J09216+6215 09:21:36.2 +62:15:52.185 0.82 FSRQ 1.446 1.1 0.3 2.61E+11 . . . . . . 1532
1FGL J0920.9+4441 J09209+4441 09:20:58.5 +44:41:53.988 1 FSRQ 2.19 14 0.7 8.58E+10 . . . . . . 1368.3
1FGL J0923.2+4121 J09235+4125 09:23:31.3 +41:25:27.429 0.97 RG 0.028 1.2 0.3 4.91E+09 27 -8 235.2
1FGL J0924.2+2812 J09238+2815 09:23:51.5 +28:15:24.966 0.97 FSRQ 0.744 1.3 0.3 9.87E+11 . . . . . . 218.4
1FGL J0929.4+5000 J09292+5013 09:29:15.4 +50:13:35.982 0.67 BLL . . . 0.7 0.2 6.67E+10 . . . . . . 747.8
1FGL J0934.5+3929 J09341+3926 09:34:06.7 +39:26:32.125 0.93 BLL . . . 0.6 0.2 1.51E+10 . . . . . . 188.3
1FGL J0937.7+5005 J09372+5008 09:37:12.3 +50:08:52.082 0.97 FSRQ 0.276 0.8 0.2 6.26E+10 . . . . . . 372.5
1FGL J0941.2+2722 J09418+2728 09:41:48.1 +27:28:38.818 0.97 FSRQ 1.306 0.9 0 1.94E+10 . . . . . . 268.4
1FGL J0949.8+1757 J09496+1752 09:49:39.8 +17:52:49.432 0.98 FSRQ 0.693 0.9 0 1.27E+11 . . . . . . 153
1FGL J0956.9+2513 J09568+2515 09:56:49.9 +25:15:16.047 0.99 FSRQ 0.712 0.7 0.2 1.55E+10 . . . . . . 1905
1FGL J0957.7+5523 J09576+5522 09:57:38.2 +55:22:57.740 1 FSRQ 0.896 10.5 0.6 1.20E+08 60 -33 1498.9
1FGL J1000.9+2915 J10011+2911 10:01:10.2 +29:11:37.543 0.99 BLL . . . 1.4 0.3 3.59E+10 . . . . . . 262.1
1FGL J1015.1+4927 J10150+4926 10:15:04.1 +49:26:00.704 1 BLL 0.2 8.7 0.6 8.16E+09 16 -1 252.2
1FGL J1023.6+3937 J10231+3948 10:23:11.6 +39:48:15.378 0.89 FSRQ 1.254 0.6 0.2 9.53E+10 16 9 779.6
1FGL J1033.2+4116 J10330+4116 10:33:03.7 +41:16:06.234 0.99 FSRQ 1.117 1.1 0.3 4.84E+10 49 163 381.4
1FGL J1033.8+6048 J10338+6051 10:33:51.4 +60:51:07.342 1 FSRQ 1.401 2.2 0.3 1.16E+10 . . . . . . 430.4
1FGL J1043.1+2404 J10431+2408 10:43:09.0 +24:08:35.430 0.99 BLL 0.56 1.5 0.3 1.56E+10 . . . . . . 685.4
1FGL J1058.6+5628 J10586+5628 10:58:37.7 +56:28:11.180 1 BLL 0.143 5.7 0.5 9.49E+09 . . . . . . 189.8
Continued on Next Page. . .
54
C
h
a
p
ter
2
.
G
a
m
m
a
-R
a
y
B
la
za
rs
in
V
IP
S
Table 2.1 – Continued
1FGL Name VIPS Name RA DEC Prob1 Type2 z3 F35
4 ∆ F35
4 Core TB
5 Open. Ang.6 ∆ PA6 S (8.5 GHz)7
1FGL J1104.4+3812 J11044+3812 11:04:27.3 +38:12:31.794 1 BLL 0.03 26.1 1 2.13E+11 15 -1 631.6
1FGL J1106.5+2809 J11061+2812 11:06:07.3 +28:12:47.045 0.97 . . . . . . 0.9 0.2 5.08E+10 . . . . . . 193.2
1FGL J1112.8+3444 J11126+3446 11:12:38.8 +34:46:39.124 0.99 FSRQ 1.949 0.9 0.3 6.95E+10 . . . . . . 160.5
1FGL J1123.9+2339 J11240+2336 11:24:02.7 +23:36:45.876 1 BLL . . . 0.9 0 1.07E+10 . . . . . . 472.7
1FGL J1141.8+1549 J11421+1547 11:42:07.7 +15:47:54.202 0.99 . . . . . . 1 0.3 5.62E+10 20 -15 274
1FGL J1146.8+4004 J11469+3958 11:46:58.3 +39:58:34.307 0.98 FSRQ 1.089 1 0.3 4.80E+11 . . . . . . 571.5
1FGL J1150.2+2419 J11503+2417 11:50:19.2 +24:17:53.852 1 BLL 0.2 1 0.3 7.60E+10 17 7 745.7
1FGL J1151.6+5857 J11514+5859 11:51:24.7 +58:59:17.552 1 BLL . . . 0.7 0.3 3.08E+09 35 10 102.2
1FGL J1152.1+6027 J11540+6022 11:54:04.5 +60:22:20.785 0.73 . . . . . . 0.6 0.3 1.71E+11 . . . . . . 151.6
1FGL J1202.9+6032 J12030+6031 12:03:03.5 +60:31:19.129 1 RG 0.065 1.1 0.3 7.22E+09 21 12 191.4
1FGL J1209.3+5444 J12089+5441 12:08:54.3 +54:41:58.190 0.97 FSRQ 1.344 0.6 0.2 1.17E+11 . . . . . . 262
1FGL J1209.4+4119 J12093+4119 12:09:22.8 +41:19:41.360 1 BLL . . . 0.5 0.2 2.99E+10 . . . . . . 485.1
1FGL J1209.7+1806 J12098+1810 12:09:51.8 +18:10:06.796 0.97 FSRQ 0.845 0.8 0.2 4.41E+10 . . . . . . 136.3
1FGL J1217.7+3007 J12178+3007 12:17:52.1 +30:07:00.625 1 BLL 0.13 6.7 0.6 5.00E+10 19 0 334.9
1FGL J1220.2+3432 J12201+3431 12:20:08.3 +34:31:21.711 1 BLL . . . 0.6 0.2 3.05E+10 . . . . . . 314.1
1FGL J1221.5+2814 J12215+2813 12:21:31.7 +28:13:58.497 1 BLL 0.102 6.9 0.5 2.30E+10 27 -12 893.1
1FGL J1225.8+4336 J12248+4335 12:24:51.5 +43:35:19.276 0.94 . . . . . . 0.8 0 1.80E+10 . . . . . . 220.8
1FGL J1225.8+4336 J12269+4340 12:26:57.9 +43:40:58.438 0.87 FSRQ 2.002 0.8 0 1.07E+10 . . . . . . 145.1
1FGL J1228.2+4855 J12288+4858 12:28:51.8 +48:58:01.293 0.91 FSRQ 1.722 1.3 0.3 1.89E+12 17 -6 265.5
1FGL J1230.4+2520 J12302+2518 12:30:14.1 +25:18:07.145 0.99 BLL 0.135 1.4 0.3 1.96E+10 30 -9 326.4
1FGL J1248.2+5820 J12483+5820 12:48:18.8 +58:20:28.725 1 BLL . . . 4.5 0.4 1.54E+10 43 15 324.4
1FGL J1253.0+5301 J12531+5301 12:53:11.9 +53:01:11.741 1 BLL . . . 3 0.4 3.05E+10 14 5 366
1FGL J1258.3+3227 J12579+3229 12:57:57.2 +32:29:29.321 0.98 FSRQ 0.806 0.8 0 2.26E+11 . . . . . . 477.1
1FGL J1303.0+2433 J13030+2433 13:03:03.2 +24:33:55.684 1 BLL . . . 3.5 0.4 7.16E+10 . . . . . . 135.7
1FGL J1308.5+3550 J13083+3546 13:08:23.7 +35:46:37.160 0.99 FSRQ 1.055 2.2 0.3 2.15E+11 60 -4 527
1FGL J1312.4+4827 J13127+4828 13:12:43.4 +48:28:30.928 0.99 FSRQ 0.501 1.4 0.3 2.24E+10 . . . . . . 250.3
1FGL J1314.7+2346 J13147+2348 13:14:43.8 +23:48:26.701 1 BLL . . . 1.4 0.3 6.62E+09 . . . . . . 158.2
1FGL J1317.8+3425 J13176+3425 13:17:36.5 +34:25:15.921 0.98 FSRQ 1.05 0.5 0.2 1.54E+10 . . . . . . 541.3
1FGL J1321.1+2214 J13211+2216 13:21:11.2 +22:16:12.098 0.99 FSRQ 0.943 1.1 0.3 1.83E+10 . . . . . . 323.6
1FGL J1331.0+5202 J13307+5202 13:30:42.6 +52:02:15.448 0.99 RG 0.688 0.5 0 5.43E+10 . . . . . . 171.9
1FGL J1332.9+4728 J13327+4722 13:32:45.2 +47:22:22.653 0.96 FSRQ 0.669 0.5 0.2 1.02E+11 . . . . . . 457.5
1FGL J1333.2+5056 J13338+5057 13:33:53.8 +50:57:35.914 0.93 . . . . . . 1.4 0.3 6.24E+09 . . . . . . 107.6
1FGL J1345.4+4453 J13455+4452 13:45:33.2 +44:52:59.581 0.99 FSRQ 2.534 1.6 0.3 2.01E+11 . . . . . . 197.5
1FGL J1351.0+3035 J13508+3034 13:50:52.7 +30:34:53.582 1 FSRQ 0.714 0.6 0.2 3.31E+10 . . . . . . 719.9
1FGL J1359.1+5539 J13590+5544 13:59:05.7 +55:44:29.362 0.98 FSRQ 1.014 0.9 0.2 9.56E+10 . . . . . . 143.8
1FGL J1421.0+5421 J14197+5423 14:19:46.6 +54:23:14.783 0.71 BLL 0.152 0.9 0.2 5.81E+10 20 4 2247.3
1FGL J1426.9+2347 J14270+2348 14:27:00.4 +23:48:00.045 1 BLL . . . 10.2 0.6 8.28E+09 73 -84 241.6
1FGL J1433.9+4204 J14340+4203 14:34:05.7 +42:03:16.010 1 FSRQ 1.24 0.7 0.2 4.29E+10 . . . . . . 286.8
Continued on Next Page. . .
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Table 2.1 – Continued
1FGL Name VIPS Name RA DEC Prob1 Type2 z3 F35
4 ∆ F35
4 Core TB
5 Open. Ang.6 ∆ PA6 S (8.5 GHz)7
1FGL J1436.9+2314 J14366+2321 14:36:41.0 +23:21:03.297 0.96 FSRQ 1.545 0.5 0.2 1.40E+11 . . . . . . 650.7
1FGL J1438.7+3711 J14388+3710 14:38:53.6 +37:10:35.408 0.99 FSRQ 2.401 0.7 0.2 1.45E+09 35 22 315.4
1FGL J1451.0+5204 J14509+5201 14:51:00.0 +52:01:11.700 0.99 BLL . . . 0.9 0.3 2.86E+09 . . . . . . 86.9
1FGL J1454.6+5125 J14544+5124 14:54:27.1 +51:24:33.734 1 BLL . . . 1.1 0.3 6.16E+09 . . . . . . 96.3
1FGL J1503.3+4759 J15037+4759 15:03:48.0 +47:59:31.024 0.96 BLL . . . 0.6 0.2 4.09E+10 . . . . . . 94.1
1FGL J1505.8+3725 J15061+3730 15:06:09.5 +37:30:51.128 0.98 FSRQ 0.674 0.7 0.2 1.40E+11 18 4 777.3
1FGL J1516.9+1928 J15169+1932 15:16:56.8 +19:32:13.010 1 BLL . . . 0.6 0.3 3.94E+10 . . . . . . 609.3
1FGL J1522.1+3143 J15221+3144 15:22:10.0 +31:44:14.427 1 FSRQ 1.487 15.9 0.8 1.45E+11 . . . . . . 493.8
1FGL J1539.7+2747 J15396+2744 15:39:39.1 +27:44:38.288 1 FSRQ 2.19 1 0.2 1.29E+11 . . . . . . 291.5
1FGL J1542.9+6129 J15429+6129 15:42:56.9 +61:29:55.358 1 BLL . . . 5.2 0.4 5.94E+10 . . . . . . 144
1FGL J1558.9+5627 J15588+5625 15:58:48.3 +56:25:14.108 1 BLL 0.3 1.8 0.3 1.30E+10 . . . . . . 169.7
1FGL J1604.3+5710 J16046+5714 16:04:37.4 +57:14:36.668 0.98 FSRQ 0.72 1.2 0.3 1.61E+10 . . . . . . 485.3
1FGL J1607.1+1552 J16071+1551 16:07:06.4 +15:51:34.495 1 RG 0.496 2.4 0.4 2.80E+10 13 -1 223.5
1FGL J1616.1+4637 J16160+4632 16:16:03.8 +46:32:25.239 0.96 FSRQ 0.95 0.6 0.2 2.77E+11 . . . . . . 125.5
1FGL J1635.0+3808 J16352+3808 16:35:15.5 +38:08:04.497 0.99 FSRQ 1.814 6.8 0.5 2.47E+10 . . . . . . 2423.3
1FGL J1637.9+4707 J16377+4717 16:37:45.1 +47:17:33.822 0.91 FSRQ 0.74 1 0 6.85E+10 . . . . . . 815.6
1FGL J1637.9+4707 J16399+4705 16:39:56.0 +47:05:23.575 0.51 FSRQ 0.86 1 0 2.28E+09 . . . . . . 108.7
1FGL J1647.4+4948 J16475+4950 16:47:34.9 +49:50:00.586 0.99 RG 0.047 1.1 0.3 2.47E+10 . . . . . . 189
1FGL J1653.9+3945 J16538+3945 16:53:51.8 +39:45:31.490 0.99 BLL 0.034 8.3 0.6 8.10E+10 17 12 1153.2
1FGL J1656.9+6017 J16568+6012 16:56:48.2 +60:12:16.455 0.96 FSRQ 0.623 0.8 0.2 2.51E+11 . . . . . . 226.5
1FGL J1709.6+4320 J17096+4318 17:09:41.1 +43:18:44.547 1 FSRQ 1.027 1.5 0.3 9.36E+10 40 10 197.2
1FGL J1724.0+4002 J17240+4004 17:24:05.4 +40:04:36.457 1 RG 1.049 2.9 0.4 6.08E+10 9 7 296.1
1FGL J1727.3+4525 J17274+4530 17:27:27.6 +45:30:39.743 0.97 FSRQ 0.714 1.2 0.3 1.95E+11 . . . . . . 1360.3
1FGL J1727.9+5010 J17283+5013 17:28:18.6 +50:13:10.480 0.98 BLL 0.055 0.9 0.2 4.82E+09 18 22 161.8
1FGL J1734.4+3859 J17343+3857 17:34:20.6 +38:57:51.446 1 FSRQ 0.976 6 0.5 1.52E+11 . . . . . . 1101.3
1FGL J1740.0+5209 J17406+5211 17:40:37.0 +52:11:43.413 0.78 FSRQ 1.379 3.4 0.4 5.75E+10 . . . . . . 1358.5
1FGL J1742.1+5947 J17425+5945 17:42:32.0 +59:45:06.729 0.97 BLL . . . 0.6 0.2 3.86E+10 . . . . . . 116.2
1FGL J1749.0+4323 J17490+4321 17:49:00.4 +43:21:51.287 1 BLL . . . 2.3 0.3 6.17E+10 21 -10 284.9
(1) Probability that the LAT source is associated with the VIPS source. (2) Automated Source Classification: LJET = Long Jet, SJET = Short Jet, PS = Point Source, CPLX =
Complex. (3) Redshift from 1LAC. (4) γ-ray flux and uncertainties in units of 10−9 photons cm−2 s−1 for 1-100 GeV. NOTE: This is not the full 100 MeV to 100 GeV flux. (5) Core
Brightness Temperature in K as measured by automated program (Helmboldt et al 2007). (6) Opening angle ad change in position angle both given in degrees. (7) CLASS flux density
at 8.5 GHz in mJy
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Table 2.2: Source Classifications
LAT/non-LAT Opt Type LJET SJET PS CPLX CSO Unidentified
LAT-detected
BL Lacs 30 (75%) 4 (10%) 4 (10%) 2 (5%) . . . . . .
FSRQs 22 (44%) 11 (22%) 16 (32%) 1 (2%) . . . . . .
RG/Other 8 (67%) 1 (8%) 3 (25%) . . . . . . . . .
non-LAT-detected
BL Lacs 11 (46%) 7 (29%) 6 (25%) . . . . . . . . .
FSRQs 188 (39%) 121 (25%) 136 (28%) 2 (∼1%) 30 (6%) 2 (∼1%)
RG/Other 214 (42%) 98 (19%) 111 (21%) 11 (2%) 71 (14%) 10 (2%)
LJET = long jet, SJET = short jet, PS = point source, CPLX = complex, CSO = compact symmetric object candidate
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Figure 2.1: CLASS 8.5 GHz radio flux density (in mJy) versus redshift of LAT-
detected sources. BL Lac objects are the top plot, FSRQs are the bottom plot.
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Figure 2.2: LAT γ-ray flux (100 MeV - 100 GeV) versus redshift. The γ-ray fluxes
are in units of 10−9 photons cm−2 s−1. BL Lac objects are the top plot, FSRQs are
the bottom plot.
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Figure 2.3: LAT γ-ray flux (100 MeV - 100 GeV) versus CLASS radio flux density
at 8.5 GHz. The γ-ray fluxes are in units of 10−9 photons cm−2 s−1. The black
squares are BL Lac objects, the blue triangles are FSRQs, and the red circles are
radio galaxies and unclassified objects.
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Figure 2.4: The distributions of fractional polarization in the cores of LAT-detected
FSRQs and radio galaxies/unclassified objects (top) and non-LAT FSRQs and radio
galaxies/unclassified objects (bottom).
61
Chapter 2. Gamma-Ray Blazars in VIPS
6 7 8 9 10 11 12 130
5
10
50 FSRQ
12 RG/Other
log(TB)
N
um
be
r
6 7 8 9 10 11 12 130
20
40
60 479 FSRQ
515 RG/Other
log(TB)
N
um
be
r
Figure 2.5: The distributions of core brightness temperatures for LAT-detected FS-
RQs and radio galaxies/unclassified objects (top) compared to the distributions of
core brightness temperature for non-LAT FSRQs and radio galaxies/unclassified ob-
jects(bottom).
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Figure 2.6: The distribution of opening angles for LAT-detected BL Lac objects,
FSRQs and radio galaxies/unclassified objects (top) compared to the distribution of
opening angles for non-LAT objects (bottom).
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Figure 2.7: Contour maps of the 10 LAT sources with opening angles larger than 30◦.
All data were taken with the VLBA at 5 GHz. Bottom contours are at 0.5 mJy/beam,
except for the first object which has a bottom contour level of 1 mJy/beam. The
restoring beam is shown as an ellipse in the lower left corner of each panel.
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Figure 2.8: The distribution of jet lengths for LAT-detected BL Lac object (top)
compared to the distribution of jet lengths for non-LAT BL Lac objects (bottom).
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Figure 2.9: Contour maps of the objects in the sections 2.5.2 and 2.5.3. All data
were taken with the VLBA at 5 GHz. Bottom contours are at 0.5 mJy/beam. The
restoring beam is shown as an ellipse in the lower left corner of each panel.
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Chapter 3
Contemporaneous VLBA 5 GHz
Observations of LAT-Detected
Blazars
The contents of this chapter were published in a modified form as Linford, J. D.,
Taylor, G. B., Romani, R. W., Helmboldt, J. F., Readhead, A. C. S., Reeves, R., &
Richards, J. L. 2012, ApJ, 744, 177. Used with permission.
Abstract:
The radio properties of blazars detected by the Large Area Telescope
(LAT) on board the Fermi Gamma-ray Space Telescope have been ob-
served contemporaneously by the Very Long Baseline Array (VLBA). In
total, 232 sources were observed with the VLBA. Ninety sources that were
previously observed as part of the VLBA Imaging and Polarimetry Sur-
vey (VIPS) have been included in the sample, as well as 142 sources
not found in VIPS. This very large, 5 GHz flux-limited sample of active
galactic nuclei (AGN) provides insights into the mechanism that produces
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strong γ-ray emission. In particular, we see that γ-ray emission is related
to strong, uniform magnetic fields in the cores of the host AGN. Included
in this sample are non-blazar AGN such as 3C84, M82, and NGC 6251.
For the blazars, the total VLBA radio flux density at 5 GHz correlates
strongly with γ-ray flux. The LAT BL Lac objects tend to be similar to
the non-LAT BL Lac objects, but the LAT flat-spectrum radio quasars
(FSRQs) are significantly different from the non-LAT FSRQs. Strong
core polarization is significantly more common among the LAT sources,
and core fractional polarization appears to increase during LAT detection.
3.1 Introduction
The Large Area Telescope (LAT; Atwood et al. 2009) on board the Fermi Gamma-
ray Space Telescope is a wide-field telescope covering the energy range from about
20 MeV to more than 300 GeV. It has been scanning the entire γ-ray sky once
every three hours since July of 2008. The LAT first-year catalog (1FGL; Abdo et al.
2010a) has 1451 sources. Many of these γ-ray bright sources that have been identified
with radio sources are associated with blazars (685 of 1451). These blazars typically
are strong, compact radio sources which exhibit flat radio spectra, rapid variability,
compact cores with one-sided parsec-scale jets, and superluminal motion in the jets
(Marscher 2006).
Several very long baseline interferometry (VLBI) programs, such as the Mon-
itoring Of Jets in AGN with VLBA Experiments (MOJAVE; Lister et al. 2009a;
Homan et al. 2009; Lister et al. 2011) observing at 15 GHz, the Boston University
program observing at 22 and 43 GHz (Marscher et al. 2010; Jorstad et al. 2010),
and TANAMI (Ojha et al. 2010a) observing at 8.4 and 22 GHz, along with the LAT
collaboration themselves (Abdo et al. 2011) are in place to monitor the radio jets
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from the brightest blazars such as 3C273, BL Lac, etc. Our sample has a flux limit
roughly an order of magnitude below the MOJAVE survey and so allows us to probe
the extensions of the radio core/γ-ray properties down to a fainter population. Many
different radio-γ-ray correlations have been suggested (Taylor et al. 2007, Abdo et
al. 2009a, Lister et al. 2009a, Kovalev et al. 2009, Giroletti et al. 2010, Ojha et al.
2010b, Linford et al. 2011). In the previous chapter (and in Linford et al. 2011) we
found only a marginal correlation between γ-ray flux and radio flux density, and only
for the FSRQs. With our new, more contemporaneous and larger sample, we find
a strong correlation between the two. By examining a larger sample (1248 objects)
we attempt to obtain more definitive insight into several other properties of γ-ray
bright blazars.
In Section 3.2 we define our sample. In Section 3.3 we briefly describe the data
reduction process for our VLBA observations. In Section 3.4 we present data on the
γ-ray flux and radio flux densities of the LAT sources. In Section 3.5 we discuss
differences between sources observed in two epochs (prior to or during 2006 and in
2009 - 2010). In Section 3.6 we compare several parameters of the LAT and non-LAT
sources. Notes on some individual objects of interest are presented in Section 3.7 and
in Section 3.8 we discuss our results. Throughout this chapter we assume H0 = 71
km s−1 Mpc−1 and ΛCDM cosmology (e.g., Hinshaw et al. 2009).
3.2 Sample Definition
We obtained time on the Very Long Baseline Array (VLBA) to observe LAT-detected
sources from November of 2009 to July of 2010. We had a total of 7 observing runs
and collected 5 GHz data on 232 sources. The first 3 observing runs were follow-up
observations on 90 sources in the VLBA Imaging and Polarimetry Survey (VIPS;
Helmboldt et al. 2007) and new 5 GHz observations of 7 sources in the MOJAVE
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sample. The remaining 135 sources were selected from the Fermi 1FGL as sources
which were associated with a source in the Combined Radio All-Sky Targeted Eight
GHz Survey (CRATES; Healey et al. 2007) with high (≥80%) probability, had a
flux density of at least 30 mJy in CRATES, and were not in VIPS or MOJAVE. Of
the 232 sources, 95 are BL Lac objects, 107 are FSRQs, and 30 are other types of
AGN (radio galaxies, AGN of unknown type, and 1 starburst galaxy). Any object
that is not a BL Lac object or FSRQ we classify as ‘AGN/Other’. The optical
classifications are taken from the LAT First Catalog of AGN (1LAC; Abdo et al.
2010b). See Table 3.1 for a summary of our data.
Our VLBA observations were single snapshots and were made after all data was
collected for 1FGL, but while Fermi was still observing and collecting data for 2FGL
(Nolan et al. 2012). It is known that blazars show significant variability in their
radio flux density on timescales of days to decades (Aller, Aller, & Hughes 2011).
Richards et al. (2011) also showed that LAT-detected blazars have a larger amplitude
of variation than non-LAT blazars. Abdo et al. (2010a) show that the γ-ray emission
can also vary on timescales similar to the radio variability. With so much variability,
occurring on very short timescales during flaring events, it can be important to
compare simultaneous radio and LAT data. We do not expect that any of our
sources were flaring during our observations, and using the averaged data over one
year from LAT should reduce the impact of any γ-ray flares on our results. Still, a
good follow-up project would be to compare the results presented here with results
using LAT data taken the same day as the VLBA observations.
We should note that several of the 1FGL sources are associated with multiple
AGN in the 1LAC. Not all of the associated sources are in CRATES, and not all
of them are brighter than 30 mJy at 8 GHz. We make a note of those objects
with multiple associations in Table 3.1. We observed 2 radio sources for 3 of the
LAT sources in our sample. The LAT source 1FGL J1225.8+4336 is associated
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with the BL Lac object VIPS J12248+4335 (probability 94%) and the FSRQ VIPS
J12269+4340 (probability 87%). The LAT source 1FGL J0448.6+1118 is associated
with the FSRQ CRATES J0448+1127 (F04486+112A in our sample; probability
99%) and the BL Lac object PKS 0446+11 (F04486+112B in our sample; probability
92%). The LAT source 1FGL J0510.0+1800 is associated with an AGN of unknown
type CRATES J0509+1806 (F05100+180A; probability 91%) and the FSRQ PKS
0507+17 (F05100+180B; probability 100%). It is possible that all of these sources
are emitting γ-rays, so we included all of them in our calculations. Where possible,
we use the 1LAC redshifts. If the source did not have a redshift listed in 1LAC, we
searched the NASA/IPAC Extragalactic Database (NED).
To build a non-LAT detected sample for comparison, we excluded all LAT sources
from VIPS, leaving 1018 objects in our non-LAT sample. Of these 1018 objects, 24
are BL Lacs, 479 are FSRQs, and 515 are AGN/Other types (radio galaxies or
AGN of uncertain type). The optical types for VIPS sources were adopted from the
Candidate Gamma-Ray Blazar Survey (CGRaBS; Healey et al. 2008).
3.3 VLBA Data Reduction
All VLBA data were correlated using the new DiFX software correlator (e.g., Deller
et al. 2011). The correlated data were processed via the VIPS data reduction pipeline
using automated scripts. See Taylor et al. (2005) and Helmboldt et al. (2007) for
a more thorough description of the VIPS pipeline. Initial calibration (fringe-fitting,
flux and phase calibration, polarization calibration) was done using the Astronomical
Image Processing System (AIPS; Greisen 2003). Imaging and visibility model-fitting
were done using Difmap (Shepherd 1997).
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3.4 Gamma-ray Flux and Radio Flux Density
Throughout the rest of this chapter, we will use the nonparametric Spearman test
(e.g., Press et al. 1986) to look for correlations between the LAT-detected and non-
LAT-detected objects. The Spearman correlation coefficient (ρs) has a range of
0 < |ρs| < 1. A high value of ρs indicates a significant correlation. This is a powerful
test for statistical correlation, but it does not test an actual physical correlation.
In order to be certain our correlations are physically significant, we ensure that a
redshift selection effect is not adding a bias to our data.
The LAT measures γ-ray flux in several bands. To create total γ-ray fluxes, we
combined the fluxes from 3 bands: 100-300 MeV, 300 MeV - 1 GeV, and 1-100 GeV.
The fluxes were added and uncertainties were added in quadrature. However, some
sources had only upper limits to their fluxes in certain bands. If a source’s reported
fluxes in one or two bands were upper limits, we use 1/2 the reported flux as the
uncertainty in that band as the upper limits are given as 2-sigma results (Abdo et
al. 2010a). If a source had upper limits on its flux in all three bands, we adopt the
convention of listing its error as 0.00.
3.4.1 Redshift Selection Effect
Imagine a population of sources covering a wide range of redshifts in which the radio
and γ-ray emission is not physically correlated, but in which radio flux and γ-ray
flux are correlated with redshift. This is actually what one would naively expect
because the more distant objects will be fainter. Such a population will show a
strong correlation of radio flux with gamma ray flux via the Spearman test, but this
does not indicate a significant physical correlation between these two observables.
However, by investigating the relationship between radio flux density at 5 GHz
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(S5) and redshift for the LAT-detected sources we can rule out a correlation between
the two. We calculated the Spearman ρs values for the S5-z relationship for the BL
Lac objects and FSRQs separately. For the BL Lacs, the ρs value was 0.308, with a
2.1% probability that random sampling would produce this same ρs value. For the
FSRQs, the ρs value was 0.109, with a 26.2% probability of getting the same value
by random sampling. Therefore, there is a very marginal correlation between the
radio flux density and redshift for our BL Lac objects, and no correlation for our
FSRQs.
We also tested the correlation between γ-ray flux and redshift. The ρs values
were 0.084 for BL Lacs and 0.016 for FSRQs, with the probability of getting the
same values from random sampling of 54.0% and 86.8%, respectively. So, there is
no significant correlation between γ-ray flux and redshift for either BL Lac objects
or FSRQs. We also visually inspected plots of both LAT flux and total VLBA radio
flux density versus redshift and saw no obvious trends, confirming the correlation
coefficient results.
3.4.2 Gamma-ray Flux versus Radio Flux Density
In Figure 3.1 we plot the LAT flux versus the total VLBA flux density at 5 GHz.
Again, the LAT fluxes are broadband fluxes from 100 MeV to 100 GeV.
The Spearman ρs values we found were 0.467 for the BL Lacs and 0.510 for the
FSRQs. The probabilities for getting the same ρs values from random sampling were
2×10−6 for the BL Lac objects and 2×10−8 for the FSRQs. Therefore, the LAT
flux correlates very strongly with the total VLBA flux density. The BL Lac objects
do not correlate quite as strongly, especially considering that we found a marginal
correlation between total VLBA flux density and redshift for these objects in the
previous section. Still, this provides solid evidence that objects with higher radio
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flux density also produce more γ-ray flux.
In the previous chapter (and in Linford et al. 2011), we found that there was
no strong correlation between radio flux density and γ-ray flux. However, our flux
densities for those observations were prior to the launch of Fermi. Furthermore, it is
likely that the radio flux density increases during episodes of γ-ray flaring (e.g., Ko-
valev et al. 2009). Our newer, larger, and more contemporaneous set of observations
are more appropriate for making these comparisons.
As in the previous chapter, we had redshift measurements for most (∼ 78%) of
our sources and could have attempted to look for a luminosity-luminosity correlation.
However, the z2 in the calculation of both luminosities induces a false correlation and
the careful treatment of this problem necesarry to find a real correlation is beyond
the scope of this project. Ghirlanda et al. (2010) did a careful study and reported
strong luminosity-luminosity correlations for BL Lac objects and FSRQs.
3.4.3 Radio Flux Density
The median total VLBA flux density at 5 GHz was 177 mJy for the LAT BL Lacs and
221 mJy for the non-LAT BL Lacs. The LAT FSRQ appeared to have significantly
higher flux densities than the non-LAT FSRQ, with a median of 467 mJy for LAT
FSRQs compared to a median of only 191 mJy for non-LAT FSRQs. The LAT
AGN/Other objects also had higher 5 GHz flux densities than their non-LAT sources
counterparts. The Kolmogorov- Smirnov (K-S) test probability that the LAT and
non-LAT BL Lac objects belong to the same parent population is about 38%. The
K-S test probability that the LAT and non-LAT FSRQs are related is only 3×10−12.
See Figure 3.2 for a plot of the FSRQ total VLBA 5 GHz flux density distributions.
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3.5 Archival versus Contemporaneous
In this section we investigate the changes in the 90 sources that were part of VIPS
(i.e., observed in 2006 or earlier) and our new sample (observed in 2009-2010). Of
these 90 sources, 35 are BL Lac objects, 44 are FSRQs, and 11 are AGN/other
objects. It is important to note that we do not know whether most of our sources
were emitting γ-rays in the archival data. It is possible that many of them would
have been detected by Fermi had it been in operation at the time. Only 6 of these
sources were detected by the Energetic Gamma Ray Experiment Telescope (EGRET)
on board the Compton Gamma-ray Observatory satellite. As an estimate of the
uncertainty of the median values we will use the median absolute deviation (MAD)
given by
MAD(X) = median(|(Xi −median(X)|) (3.1)
where Xi is a value in the array X. In other words, it is the median of the posi-
tive difference between each entry in X and the overall median of X. See Huber &
Ronchetti (2009) for more information on the MAD.
3.5.1 Radio Flux Density Variability
It is well known that blazars are highly variable sources in the radio and γ-ray
regimes. Several studies have also indicated that the radio and γ-ray variability
are correlated (e.g., Kovalev et al. 2009 and Schinzel et al. 2010). Looking at the
differences in total VLBA radio flux densities (see Figure 3.3) for 90 of our sources
that were observed both in 2006 (or earlier) and in 2009, we saw that while there
is variability the magnitude of the variability does not appear to correlate with the
γ-ray flux. The median total flux densities showed little significant change between
the two epochs. The BL Lac objects had a median flux density of 149.2 mJy in the
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archival data and 133.2 mJy in the new data. The difference between the medians for
the two epochs falls well within the median absolute deviations of 74 mJy for archival
data and 72 mJy for the current data. Taking the uncertainty to be the MAD divided
by the square root of the number of sources, we find that the 1σ uncertainties are
12.5 mJy and 12.2 mJy for the archival and new data, respectively. So, our the
differences are only significant at the 1σ level. The FSRQs appeared to become
somewhat brighter in the new data, with a median flux density of 256.2 mJy in the
archival data and 316.0 mJy in the new data. Again, the difference between the two
epochs is not significant when compared to the median absolute deviations of 122
mJy for the archival data and 176 mJy for the current data. However, calculating
the uncertainties leads to 1σ levels of 18.4 mJy and 26.5 mJy, which means the
differences are significant at about the 2σ level.
We also looked at the radio emission from the core (the bright compact component
at the base of the jet). The core flux density was found using automatic visibility
fitting (see Taylor et al. 2007 for a more detailed discussion of this process). See
Figure 3.4 for a plot of the difference in core flux density (current minus archival)
versus the total LAT flux. Again, we found that there is no apparent correlation
between core flux density variability and LAT flux. The median core flux for the
FSRQs is higher during γ-ray detection, going from 225.1 mJy in the archival data to
293.6 mJy in the new data, but this is again within the median absolute deviations
of 107 mJy for the archival data and 156 mJy for the new data. Also, from Figure 3.4
we can see that most of the FSRQs actually became slightly dimmer, with 25 of the
44 FSRQs showing a reduction in core flux density.
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3.5.2 Core Brightness Temperature Variability
We obtained the brightness temperatures from automatic model-fitting procedure by
fitting to the visibility data directly (Taylor et al. 2007). The minimum observable
size for each source was calculated using equation (2) from Kovalev et al. (2005),
where we computed the signal-to-noise ratio of each core using the core flux density,
the rms measured from the 5 GHz image, and a beam FWHM of 3 milliarcseconds
(mas), the largest dimension of our restoring beam. For those sources where the
estimated core size was less than this minimum size, we used the minimum size to
compute the brightness temperature.
The core brightness temperatures are split almost evenly between those that are
lower than they were prior to LAT detection and those that are higher. Nearly all had
core brightness temperatures in 2009 that were either within 5% of the archival value
or higher than the archival value. The median core brightness temperature for the
BL Lacs was 2.3×1010 K for the archival data and 2.9×1010 K for the new data. The
median core brightness temperature for the FSRQs in the archival data was 8.2×1010
K for and 6.4×1010 K for the new data. However, the median absolute deviations
were 6.34×1010 for the archival data and 5.13×1010 for the new data, leading to 1σ
uncertainties of 9.56×109 and 7.73×109, so the difference in the medians is not quite
at the 2σ level. See Figure 3.5 for a plot of the core flux densities in both epochs.
3.5.3 Core Polarization Variability
To measure the polarization properties of our sources, we used the Gaussian mask
method described by Helmboldt et al. (2007). In order to be considered a “polarized”
source, the source had to have a polarized flux of at least 0.3% of the Stokes I peak
value (to avoid leakage contamination) and have at least a 5σ detection (compared
to the noise image generated by the AIPS task COMB). We obtained measurements
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of core, jet, and total fractional polarization. Of these, only the core fractional
polarization yielded interesting results. We detected polarization in the cores of
80% (72 of 90) of the sources for which we had observations in two epochs. Of
our 90 sources, 48 showed higher core fractional polarization in the new data than
the archival data. This includes 17 BL Lac objects, 28 FSRQs, and 3 AGN/other
objects. Only 15 sources had no polarized flux in their cores in both epochs. Twenty-
seven of our sources showed a decrease in core fractional polarization in the new data
including 11 BL Lac objects, 12 FSRQs, and 4 AGN/other objects. Of the objects
that showed a decrease in core fractional polarization, only 3 (1 BL Lac object and 2
FSRQs) were detected as polarized in the archival data and had no polarized flux in
the core in the new data. See Figure 3.6 for a plot showing how the core fractional
polarizations have changed between the two epochs.
3.6 LAT Detected versus non-LAT Detected
Throughout this section we compare our large, contemporaneous sample with the
non-LAT-detected sources in VIPS.
3.6.1 Source Classes
We used the automatic classification script from Helmboldt et al. (2007) to clas-
sify our sources by appearance for comparison with the VIPS sample. We also
went through them by eye and reclassified any objects that the script misidentified.
Sources were classified as point sources (PS), short jets (SJET), long jets (LJET),
complex (CPLX), or compact symmetric object candidates (CSO). LJET means the
source has a jet with an angular extent of at least 6 mas. SJET means the source has
a discernible jet, but with an angular extent less than 6 mas. PS means the source
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has no discernible jet. CPLX indicates that the source has complicated structure be-
yond the typical point source or core-jet morphology. See Table 3.2 for a breakdown
of the source classifications for both LAT and non-LAT sources. From this table, it
appears that γ-ray bright blazars are more likely to be LJET than the blazars not
detected by the LAT. Also, note the lack of CSO candidate objects among the γ-ray
bright population. This is something we also reported in the previous chapter (and
in Linford et al. 2011).
3.6.2 Core Brightness Temperature
As discussed in Section 3.5.2, we obtained the core brightness temperatures by au-
tomatic model-fitting to the visibility data. The LAT and non-LAT BL Lac objects
were similar, with a median core brightness temperature of 2.89×1010 K for the LAT
BL Lac objects and 2.65×1010 K for the non-LAT. The FSRQs were quite different.
The median core brightness temperatures were 6.36×1010 K for the LAT FSRQs and
2.54×1010 K for the non-LAT FSRQs. The K-S tests show that the LAT FSRQs are
indeed very different from the non-LAT FSRQs, with only a 6×10−8 chance that the
two distributions are drawn from the same parent population. These results confirm
those reported in the previous chapter (and in Linford et al. 2011). See Figure 3.7 for
a plot of the core brightness temperature distributions of LAT and non-LAT FSRQs.
3.6.3 Jet Brightness Temperature
Unlike the core brightness temperatures, the jet brightness temperatures (formally,
the brightness temperature of the brightest jet component) were obtained by auto-
matic model-fitting in the image data. This was done because automatic visibility
fitting to jet components has a tendency to go awry for complicated sources. As
with the core brightness temperatures, the LAT BL Lac objects were similar to the
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non-LAT BL Lac objects but the FSRQs appeared to be somewhat different. The
K-S test for the FSRQ jet brightness temperature distributions gave probability of
1×10−5 that the two were drawn from the same parent population. See Figure 3.8
for the distributions of LAT and non-LAT FSRQ jet brightness temperatures. The
medians for the FSRQs with measured jet brightness temperatures were 9.8×107 K
for LAT sources and 4.5×107 K for non-LAT sources.
3.6.4 Jet Opening Angle, Bending, and Length
We measured the mean apparent opening half angle for each source with core-jet
morphology. We used the following procedure (Taylor et al. 2007): we measured
the separation of each jet component from the core along the jet axis (taken to be
a linear fit to the component positions) and the distance of each component from
the jet axis, i.e., x’ and y’ positions in a rotated coordinate system with the jet axis
along the x’-axis. For each component, we measured its extent from its center along
a line perpendicular to the jet axis using the parameters of its elliptical fit, and then
deconvolved this using the extent of the Gaussian restoring beam along the same
line. The opening half-angle measured from each component is then taken to be
ψ = arctan[(|y′|+ dr)/|x′|] (3.2)
where dr is the deconvolved Gaussian size perpendicular to the jet axis. After mea-
suring this for each jet component, we averaged them to get a single value. This
was only done for sources with more than 2 total components, (i.e., at least 2 jet
components). Larger apparent opening angles can result from a source’s jet axis
being more closely aligned with the line of sight and/or from the source having a
larger intrinsic jet opening angle.
The K-S tests for the LAT and non-LAT distributions found no significant dif-
ferences between the two for any of the optical types. However, we noticed that our
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LAT sources have large apparent opening angles (≥ 30 degrees) more often than the
non-LAT sources, 37% of LAT sources versus 28% of non-LAT sources. See Fig-
ure 3.9 for plots of the opening angle distributions. Pushkarev et al. (2009) also
reported that LAT-detected MOJAVE sources in the 3 month LAT catalog tended
to have larger opening angles than non-LAT sources. Ojha et al. (2010b) reported
a tentative correlation between opening angle and γ-ray flux. We did not find any
strong evidence of this. Using the Spearman test on all 49 of our sources with mea-
sured opening angles, we got a ρs value of 0.2 and probability of getting the same
ρs value from random sampling of 16%. Looking at the FSRQs alone, we found a
ρs of 0.5 and a 1.4% probability of getting the same result from random sampling.
Therefore, there may be a marginally significant correlation between γ-ray flux and
opening angles for FSRQs. Also, the K-S test result for the LAT and non-LAT FS-
RQs gave a 6.4% chance that the two distributions are drawn from the same parent
sample. The BL Lacs showed no significant correlation and no significant difference
between the LAT and non-LAT distributions.
In order to make a larger sample for the K-S test, we combined the BL Lac
objects and FSRQs into one sample. The result was a marginally significant difference
between the LAT and non-LAT sources. The K-S test result was a 0.4% chance that
the two distributions were drawn from the same parent population. We also applied
the Spearman test on this sample to look for correlation with LAT flux. We did not
find significant correlation, with a ρs value of 0.3 and a probability of getting the
same ρs value from random sampling of 9%.
Lister et al. (2011) reported a non-linear correlation between γ-ray loudness (the
ratio of γ-ray luminosity to radio luminosity) and apparent opening angle. They also
found that all 19 of their sources with the large (>40◦) apparent opening angles had
a γ-ray loudness of more than 100. They did not find a significant difference in the
opening angle distributions between BL Lac objects and FSRQs. We are currently
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investigating these quantities in our data and we will report our results as soon as
possible.
We also measure the change in jet position angle (“jet bending”, see Helmboldt
et al. 2008) and the length of the jet (the maximum separation between the core
component and the jet components). A change in jet direction can indicate how the
blazar’s surrounding environment has affected its evolution. It could also indicate
that the source’s jet axis may precess over time. We applied the K-S test to each of
these measurements to see if the LAT and non-LAT distributions were different. We
did not find any significant differences for either of these properties.
3.6.5 Polarization
Wemeasured the polarization characteristics of our sources the same way as described
in Section 3.5.3. As discussed therein, a source is considered to be polarized if it has
a polarized flux of at least 0.3% of the Stokes I peak and at least a 5σ detection. For
the LAT sources, 176 of 232 (about 76%) showed core polarization. The FSRQs had
the highest percentage of polarized sources with 96 of 107 (90%). The BL Lac objects
had 67 of 95 (71%) sources with core polarization, and the AGN/other sources had
13 of 30 (43%) sources with core polarization. Compare these numbers with the
non-LAT VIPS sources where only 270 of 1018 (26.5%) had core polarization. For
the non-LAT sample, the BL Lac objects were polarized most often, but only 10
of 24 (42%). The non-LAT FSRQs had 158 out of 479 (33%) sources with core
polarization, and the AGN/other only had 102 of 515 (20%).
Despite the LAT sources having polarized cores more often, they do not appear
to be more strongly polarized. The median core fractional polarization is 3.7% for
LAT BL Lac objects and 3.1% for LAT FSRQs. The non-LAT sample has higher
medians, with 4.9% for BL Lac objects and 3.7% for FSRQs. Overall, the median
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core fractional polarization for the LAT sample is 3.3% while the median for the non-
LAT sample is 4.4%. The K-S test showed no significant differences between the LAT
and non-LAT BL Lac or AGN/other objects. There is a marginally significant result
for the FSRQs, with a probability of 0.2%, that the LAT and non-LAT FSRQs were
drawn from the same parent population. We plot the distribution of core fractional
polarization for the FSRQs in Figure 3.10.
3.7 Notes on Individual Sources
In this section we present information on low redshift (z<0.02) sources and non-
blazar AGN in our sample. Contour maps of these sources are shown in Figure 3.11,
except for F03197+4130 (a.k.a. 3C84) as it is a very well-known source. Note that
the spatial sampling of the VLBA causes it to resolve out structures larger than
about 20 beams (roughly 20 mas at 5 GHz). Therefore, a jet longer than this may
not be detected to its full length, depending on what other spatial frequencies are
present.
3.7.1 Low Redshift Objects
Our sample contains 3 objects with redshifts of z<0.02.
F03197+4130, 1FGL J0319.7+4130, class LJET: This well known radio
galaxy, 3C84, has a redshift of z = 0.018 (1LAC). Its LAT flux was 213.59 ± 10.69
×10−9 photons cm−2 s−1. We measured a total VLBA flux density of 16.2 Jy. Its core
brightness temperature was 1.23×1011 K, which is relatively high for the AGN/Other
objects. We did not detect any polarized flux from this object. This lack of strong
polarization is well known and attributed to a Faraday screen consisting of the ionized
gas which also produces the Hα in the Perseus cluster (Taylor et al. 2006). It has
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a jet and counterjet aligned north-south, with the northern jet showing significant
free-free absorption (Walker et al. 2000). We measured the southern jet to be about
15.8 mas long. The northern counterjet had one dim component located about 11.8
mas from the core. No contour map for this source is provided here as it is a very
famous source.
F09565+6938, 1FGL J0956.5+6938, class PS: With a redshift of z=0.000677
(de Vaucouleurs et al. 1991), the starburst galaxy M82 is 1 of 2 starburst galaxies in
the 1FGL. It had a LAT flux of 38.40 ± 16.23 ×10−9 photons cm−2 s−1. We found a
total VLBA flux density of 14 mJy. Its core brightness temperature was a relatively
low 3.39×109 K. We did not detect any polarization for this object. In the optical,
this galaxy has a very striking x-shape with bright filaments running perpendicular
through a spiral disk (e.g., Mutchler et al. 2007). At 5 GHz, it is simply a point-
source. It is also thought to host two intermediate mass (12,000 to 43,000M⊙) black
holes (Feng, Rao, & Kaaret 2010).
F17250+1151, 1FGL J1725.0+1151, class SJET: This BL Lac object, also
known as CRATES J1725+1152, has a redshift of z = 0.018 (Ciliegi, Bassani, &
Caroli 1993). Its LAT flux was 54.96 ± 23.25 ×10−9 photons cm−2 s−1. We measured
a total VLBA flux density of 63.3 mJy. Its core fractional polarization was 3.5%. It
is a compact source with a short jet extending about 3.5 mas to the southeast.
3.7.2 AGN
The LAT 1FGL contains 28 sources which are classified as “AGN”, which means
“other non-blazar AGN” (Abdo et al. 2010a). We have 12 of these objects in our
sample. (Note: 1FGL J0319.7+4130, a.k.a. 3C 84, is discussed above as a low-
redshift object.) Some of the objects in this section are radio galaxies, but others
may be misidentified FSRQs and BL Lac objects.
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J09235+4125, 1FGL J0923.2+4121, class LJET: Also known as CRATES
J0923+4125, this object had a LAT flux of 40.61 ± 10.01 ×10−9 photons cm−2 s−1.
Its redshift is z=0.028 (1LAC). This object was observed in two epochs; first in May
2006 and second in November of 2009. In 2006, we found a total VLBA flux density
of 165 mJy. In 2009, we found a total VLBA flux density of 220 mJy. While its core
brightness temperature is not unusually high or low for AGN/Other objects, it did
change significantly between the two epochs. In 2006, its core brightness temperature
was 4.91×109 K. In 2009, we found a core brightness temperature of 2.97×1010 K.
We detected polarization in the core of this object in both epochs. In 2006, its core
fractional polarization was 5.2%. In 2009, its core fractional polarization was 3.1%.
We also detected polarization in the jet in 2009, with a jet fractional polarization of
18.3%. For more discussion on this object, see the previous chapter or Linford et al.
(2011). It has a jet extending about 9.7 mas to the east.
J12030+6031, 1FGL J1202.9+6032, class LJET: Also known as CRATES
J1203+6031, this object had a LAT flux of 44.79 ± 10.07 ×10−9 photons cm−2 s−1.
Its redshift is z=0.065 (1LAC). This object was observed in two epochs; first in
May of 2006 and second in December of 2009. Its total VLBA flux density did not
change much between the two epochs, but it did show an increase in core brightness
temperature. In 2006, its core brightness temperature was 7.22×109. In 2009, we
found a core brightness temperature of 2.75×1010 K. It had strong core polarization
in both epochs. In 2006, we found a core fractional polarization of 9.9%. In 2009,
we found a core fractional polarization of 4.8%. For more discussion on this object,
see the previous chapter or Linford et al. (2011). It has a long jet extending about
10.5 mas to the south.
J13307+5202, 1FGL J1331.0+5202, class LJET: This object is also called
CRATES J1330+5202. Its LAT flux was 41.52 ×10−9 photons cm−2 s−1, but is an
upper limit. It has a redshift of 0.688 (1LAC). This object was observed in two
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epochs; first in July of 2006 and second in January of 2010. Its total VLBA flux
density and core brightness temperature did not change significantly between the
two epochs. We did not detect any polarization from this object in either epoch. For
further discussion on this object, see the previous chapter or Linford et al. (2011).
It has a small jet extending about 7 mas to the southwest.
J16071+1551, 1FGL 1607.1+1552, class LJET: Also called NVSS
J160706+155134, its LAT flux was 33.90 ± 7.75 ×10−9 photons cm−2 s−1. Its redshift
is z=0.496 (1LAC). It is called a BL Lac object in Ve´ron-Cetty & Ve´ron (2006). This
object was observed in two epochs; the first in April 2006 and the second in January
2010. In 2006, we measured a total VLBA flux density of 281 mJy. In 2010, we
measured a total VLBA flux density of 322 mJy. It is a strongly polarized source
in both epochs. We measured a core fractional polarization of 3.5% in 2006 and
4.5% in 2010. We also found polarization in the jet in both epochs. In 2006 we
measured a jet fractional polarization of 15.5%, and in 2010 we measured 24%. For
more information, see the previous chapter or Linford et al. (2011). It has a long jet
extending about 10 mas to the east.
J16475+4950, 1FGL J1647.4+4948, class LJET: Also called CRATES
J1647+4950, this object had a LAT flux of 33.29 ± 8.54 ×10−9 photons cm−2 s−1.
It has a redshift of z=0.047 (1LAC). This object was observed in two epochs; first
in August of 2006 and second in January of 2010. Its total VLBA flux density and
core brightness temperature did not change significantly between those two epochs.
We did not detect any significant core polarization in this object in either epoch, but
we did measure 27.1% jet polarization in 2010. For more information on this object,
see the previous chapter or Linford et al. (2011). It has a small jet extending about
7 mas to the southeast.
J17240+4004, 1FGL J1724.0+4002, class LJET: This object is also called
CRATES J1724+4004. Its LAT flux was 47.16 ± 8.97 ×10−9 photons cm−2 s−1. Its
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redshift is z=1.049 (1LAC). It is tentatively classified as a BL Lac object in Ve´ron-
Cetty & Ve´ron (2006). This object was observed in two epochs; first in February
1998 and second in January 2010. Its total VLBA flux density did not change
significantly between the two epochs, but its core brightness temperature more than
doubled. In 1998, its core brightness temperature was 6.08×1010. In 2010, we found
a core brightness temperature of 3.32×1011 K, which is the highest core brightness
temperature for the “AGN” objects in our sample. We did not detect any polarization
in this object in either epoch. For further discussion of this object, see the previous
chapter or Linford et al. (2011). It has a long jet extending 9 mas to the northwest.
F02045+1516, 1FGL J0204.5+1516, class LJET: This object is also known
as 4C +15.05, and it is often classified as an FSRQ (Ve´ron-Cetty & Ve´ron 2006,
Savolainen et al. 2010, Agudo et al. 2010). Its LAT flux was 29.98 ± 12.42 ×10−9
photons cm−2 s−1. We measured a total VLBA flux density of 1.5 Jy. Its redshift
is z=0.405 (1LAC). Its core brightness temperature was a relatively high 9.52×1010
K. We did not detect any polarization from this object. This is one of the sources
monitored as part of the MOJAVE program. Savolainen et al. (2010) reported an
apparent velocity of 6.3c, a Doppler factor of 15.0, and a Lorentz factor of 8.9. It
has a bright jet component about 7 mas northwest of the core.
F03250+3403, 1FGL J0325.0+3402, class LJET: Also called CRATES
J0324+3410, this object is a Seyfert 1 galaxy (Abdo et al. 2009d). It had a LAT flux
of 56.29 ± 23.97 ×10−9 photons cm−2 s−1. We measured a total VLBA flux density
of 357 mJy. It has a redshift of z=0.061 (1LAC). We detected polarization in both
the core and jet of this object. Its core fractional polarization was 1.0% and its jet
fractional polarization was 33.4%. Zhou et al. (2007) reported the existence of spiral
arm structure in this object based on Hubble Space Telescope images. Anto´n et al.
(2008), using the Nordic Optical Telescope, suggested that the apparent structure
could be the result of a merger. In the radio, it has a long straight jet extending
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about 9.6 mas to the southeast.
F16354+8228, 1FGL J1635.4+8228, class LJET: This object is also known as
NGC 6251. It is an unabsorbed Seyfert 2, meaning it has a X-ray hydrogen column
density NH ≤ 1022 cm−2 and does not have a broad line region (Panessa & Bassani
2002). It is a well-known radio source with an exceptionally long (about 200 kpc)
and straight jet (Waggett, Warner, & Baldwin 1977) and is popularly known as the
“blowtorch” jet. Its LAT flux was 45.51 ± 18.77 ×10−9 photons cm−2 s−1. We
measured a total VLBA flux density of 637 mJy. Its redshift is z=0.025 (1LAC). We
did not detect any polarization in this object, although it has been reported to be
weakly polarized (Chen et al. 2011). It has a long straight jet extending about 8.5
mas to the northwest.
F16410+1143, 1FGL J1641.0+1143, LJET: Also called NVSS
J164058+114404, this object had a LAT flux of 47.36 ± 20.81 ×10−9 photons cm−2
s−1. We measured a total VLBA flux density of 115 mJy. It has a redshift of 0.078
(1LAC). We found a core brightness temperature of 1.65×109 K, which is the lowest
of the “AGN” type objects. We did not detect any polarization for this object. In
the CRATES catalog, it is called a flat-spectrum radio source (Healey et al. 2007). It
has a jet extending about 10 mas to the west, ending in a semi-detached component.
F17566+5524, 1FGL J1756.6+5524, class LJET: This object is also called
CRATES J1757+5523. It had a LAT flux of 27.79 ± 12.00 ×10−9 photons cm−2 s−1.
We measured a total VLBA flux density of 47 mJy. Its redshift is 0.065 (1LAC). In
the CRATES catalog, it is called a flat-spectrum radio source (Healey et al. 2007).
We did not detect any polarized flux from this object. It has a jet stretching about
8 mas to the north-northwest.
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3.7.3 AGN with No Optical ID
Many sources in the LAT catalog are labeled as “AGU” sources, which means “active
galaxy of uncertain type” (Abdo et al. 2010a). These sources are associated with
radio AGN, but have no optical identification as yet. We have 16 of them in our
sample. It is likely that most of them are FSRQs.
J11061+2812, 1FGL J1106.5+2809, class PS: This object is also called
CRATES J1106+2812. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). It had a LAT flux of 34.63 ± 15.03 ×10−9 photons cm−2 s−1. It
has a redshift of 0.847 (Adelman-McCarthy et al. 2008). This object was observed
in two epochs; first in February 2006 and second in December 2009. In 2006, we
found a total VLBA flux density of 276 mJy, and in 2009 we measured a total VLBA
flux density of 227 mJy. Its core brightness temperature more than doubled between
the two epochs, going from 5.08×1010 K in 2006 to very high 2.25×1011 K in 2009.
In fact, this object had the highest core brightness temperature of all the “AGU”
objects in our sample. We detected polarization in the core of this object in both
epochs. In 2006, we measured a core fractional polarization of 1.4%, and in 2009 its
core fractional polarization was 4.4%. For more discussion on this object, see the
previous chapter or Linford et al. (2011). It is a compact, point-source type object.
J11421+1547, 1FGL J1141.8+1549, class LJET: This object is also called
CRATES J1142+1547. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). It had a LAT flux of 12.87 ± 5.19 ×10−9 photons cm−2 s−1.
There is no published redshift for this object. This object was observed in two
epochs; first in February 2006 and second in December 2009. Its total VLBA flux
density was 172 mJy in 2006 and 139 mJy in 2009. Its core brightness temperature
increased between the two epochs from 5.62×1010 K to 9.15×1010 K, which is high
for an AGN/Other type object. We detected polarization in the core of this object in
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both epochs. In 2006, the core fractional polarization was 6.3% and in 2009 the core
fractional polarization was 5.5%. We also detected polarization in the jet in 2009.
The jet fractional polarization was 31.1%. For more information on this object, see
the previous chapter or Linford et al. (2011). It has a jet extending about 11.5 mas
to the southeast.
J12248+4335 (class LJET) & J12269+4340 (class SJET),
1FGL J1225.8+4336: The LAT source 1FGL J1225.8+4336, with a LAT flux of
36.15 ± 15.51 ×10−9 photons cm−2 s−1, is associated with two VIPS sources, both of
which were observed in two epochs; first in May 2006 and second in December 2009.
First, J12248+4335 (probability: 94%, 1LAC), also called NVSS J122451+433520.
This object is called a BL Lac object by Plotkin et al. (2008) but listed as an
“Unknown” type in both 1FGL and 1LAC. It has a redshift of z=1.07491 (Sowards-
Emmerd, Romani, & Michelson 2003). In 2006, we measured a total VLBA flux
density of 174 mJy and in 2009 we measured a total VLBA flux density of 207 mJy.
Its core brightness temperature increased from 1.80×1010 K in 2006 to 3.15×1010
K in 2009. We also detected polarization in the core and jet of this object in both
epochs. In 2006, its core fractional polarization was 7% and its jet fractional po-
larization was 18%. In 2009, its core fractional polarization was 5.4% and its jet
fractional polarization was 42.6%. It has a jet extending about 8 mas to the north-
east. Second, J12269+4340 (probability: 87%, 1LAC), or CRATES J1226+4340, is a
FSRQ (Ve´ron-Cetty & Ve´ron 2006 and 1LAC). It has a redshift of z=2.002 (1LAC).
Its total VLBA flux density and core brightness temperature did not change sig-
nificantly between the two epochs. We detected core polarization only in the 2009
observation. We found core fractional polarization of 4.2%. It is a compact source
with a possible jet extending about 5.6 mas to the south.
J13338+5057, 1FGL J1333.2+5056, class PS: This object, also called CLASS
J1333+5057, has no published classification. Its LAT flux was 64.33 ± 27.63 ×10−9
90
Chapter 3. Contemporaneous Observations of LAT Blazars
photons cm−2 s−1. It has a redshift of z = 1.362 (Abdo et al. 2009a). It was observed
in two epochs; first in August 2006 and second in January 2010. It was very dim in
2006, with a total VLBA flux density of 40 mJy, but it doubled to 80.2 mJy in 2010.
Its core brightness temperature also increased by about a factor of 2 from 6.24×109
K in 2006 to 1.46×1010 K in 2010. We did not detect any polarization in this object
in either epoch. It is a compact, point-source type object.
F03546+8009, 1FGL J0354.6+8009, class LJET: This object is also known as
CRATES J0354+8009. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). Its LAT flux was 46.05 ± 8.82 ×10−9 photons cm−2 s−1. We
measured a total VLBA flux density of 280 mJy. There is no published redshift for
this object. It was a very strongly polarized source with a core fractional polarization
of 14.2%. It has a broad, diffuse jet extending about 9.8 mas to the southeast. It
also had a large opening angle of 35◦. Britzen et al. (2008) measured the kinematics
of two of the jet components for this object and found apparent velocities of 0.007c
for the one nearer the core and 0.064c for the one further from the core.
F05100+180A&B (both class LJET), 1FGL J0510.0+1800: The LAT source
1FGL J0510.0+1800, with a LAT flux of 33.38 ± 12.39 ×10−9 photons cm−2 s−1,
is associated with 2 of our radio sources. The first, F05100+180A, is also known
as CRATES J0509+1806. In 1LAC, its optical type is listed as “Unknown”. The
CRATES catalog lists it as a flat-spectrum radio source (Healey et al. 2007). It has
no published redshift. We measured a total VLBA flux density of 44.8 mJy. We did
not detect any polarized flux from this object. It has a long jet extending to the east
with a detached component about 16 mas from the center of the core. The second
radio source, F05100+180B, is a FSRQ also known as PKS 0446+17. We measured
a total VLBA flux density of 441 mJy. We detected polarized flux in both the core
and jet of this object. Its core fractional polarization was 3.8% and its jet fractional
polarization was 12.8%. It has a long jet extending about 13 mas to the west.
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F06544+5042, 1FGL J0654.4+5042, class SJET: This object is also called
CRATES J0654+5042. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). Its LAT flux was 42.02 ± 7.63 ×10−9 photons cm−2 s−1. Abdo
et al. (2010c) report that its γ-ray flux (E > 300 MeV) is variable. We measured a
total VLBA flux density of 240 mJy. It has no published redshift. We found a core
fractional polarization of 8.1%. It has a small jet extending about 4.7 mas to the
east.
F08499+4852, 1FGL J0849.9+4852, class LJET: This object is also known as
CRATES J0850+4854. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). Its LAT flux was 29.87 ± 6.99 ×10−9 photons cm−2 s−1. We
measured a total VLBA flux density of 60.1 mJy. There is no published redshift for
this object. We found a core brightness temperature of 1.20×109 K, which is the
lowest of all the AGN/Other type objects. We did not detect any polarization in
this object. It has a small jet extending about 8 mas to the south. It also has a large
opening angle of 54.2◦.
F09055+1356, 1FGL J0905.5+1356, class SJET: This object is also called
CRATES J0905+1358. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). Its LAT flux was 18.39 ± 7.21 ×10−9 photons cm−2 s−1. We
measured a total VLBA flux density of 48.5 mJy. It has no published redshift. We
did not detect any polarization in this object. It is a compact object with a very
short jet extending about 1.3 mas to the west.
F09498+1757, 1FGL J0949.8+1757, class SJET: This object is also known
as CRATES J0950+1804. The CRATES catalog lists it as a flat-spectrum radio
source (Healey et al. 2007). It had an upper limit on its LAT flux of 18.85 ×10−9
photons cm−2 s−1. We measured a total VLBA flux density of 37.2 mJy. Its redshift
is 0.69327 (Adelman-McCarthy et al. 2008). We did not detect any polarized flux
from this object. It appears to have a short jet extending about 5 mas to the east.
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F10485+7239, 1FGL J1048.5+7239, class LJET: This object is also known as
CRATES J1047+7238. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). Its LAT flux was 44.18 ± 19.09 ×10−9 photons cm−2 s−1. We
measured a total VLBA flux density of 61 mJy. It has no published redshift. We
found a core fractional polarization of 5.2%. It has a jet extending about 12 mas to
the west.
F13060+7852, 1FGL J1306.0+7852, class SJET: This object is also called
CRATES J1305+7854. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). Its LAT flux was 17.53 ± 6.82 ×10−9 photons cm−2 s−1. We
measured a total VLBA flux density of 213 mJy. There is no published redshift
for this object. We found a core fractional polarization of 4.2%. It has a small jet
extending about 5 mas to the northeast.
F13213+8310, 1FGL J1321.3+8310, class LJET: This object is also called
CRATES J1321+8316. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). Its LAT flux was 27.88 ± 11.62 ×10−9 photons cm−2 s−1.
We measured a total VLBA flux density of 232 mJy. It has a redshift of z=1.024
(Britzen et al. 2007). We did not detect any polarization in this object. It has a
long, diffuse jet extending about 22.5 mas to the west. It also appears to have an
older, detached jet component about 33 mas to the southwest. Britzen et al. (2008)
had measurements for the kinematics on two components in this source’s jet, but for
some reason they did not use the redshift quoted earlier. Using that redshift, and
Britzen’s total proper motions of 0.041 mas yr−1 for the component nearer to the
core and 0.127 mas yr−1 for the component further from the core, we find apparent
velocities of 1.08c and 3.35c, respectively.
F19416+7214, 1FGL J1941.6+7214, class SJET: This object is also called
CRATES J1941+7221. There is no published classification for it. Its LAT flux was
66.46 ± 29.70 ×10−9 photons cm−2 s−1. We measured a total VLBA flux density
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of 775 mJy. There is no published redshift for this object. We did not detect any
polarization in this object. It has a small jet extending about 4 mas to the south.
F20019+7040, 1FGL J2001.9+7040, class LJET: This object is also known as
CRATES J2001+7040. The CRATES catalog lists it as a flat-spectrum radio source
(Healey et al. 2007). Its LAT flux was 27.18 ± 10.17 ×10−9 photons cm−2 s−1. We
measured a total VLBA flux density of 36.5 mJy. There is no published redshift for
this object. We did not detect any polarization in this object. It has a long, diffuse
jet extending about 14 mas to the north.
F20497+1003, 1FGL J2049.7+1003, class LJET: This object is also known as
CRATES J2049+1003. It may also be the EGRET source 3EG J2046+0933 (Bloom
2008). The CRATES catalog lists it as a flat-spectrum radio source (Healey et al.
2007). Its LAT flux was 58.69 ± 25.99 ×10−9 photons cm−2 s−1. We measured
a total VLBA flux density of 698 mJy. It has no published redshift. We found a
core brightness temperature of 6.07×1010 K. We found a very low core fractional
polarization of 0.8%. It has a jet extending about 6.3 mas to the northwest.
3.7.4 Unidentified Sources
Our sample contains 2 objects for which no optical classification is given in the 1FGL
catalog.
J09292+5013, 1FGL J0929.4+5000, class LJET: In the previous chapter (and
in Linford et al. 2011), we identified this source as a BL Lac object. It is associated
with the BL Lac object VIPS J09292+5013 (CRATES J0929+5013), but with a low
probability (67%, 1LAC). For this chapter, we treated it as a BL Lac object. It had
a LAT flux of 21.40 ± 9.29 ×10−9 photons cm−2 s−1. The two epochs for which we
have observations of this object are February 1998 and November 2009. It has a
redshift of z=0.370387 (Abazajian et al. 2005). Its total VLBA flux density did not
94
Chapter 3. Contemporaneous Observations of LAT Blazars
change significantly between the two epochs. In 1998, we found a core brightness
temperature of 6.67×1010 K, and in 2009 we found a core brightness temperature of
4.81×1010 K. Even with this somewhat reduced core brightness temperature, it was
still in the upper 33% of BL Lac objects in the current sample. It was a strongly
polarized source with a core fractional polarization of 16.9%.
J11540+6022, 1FGL J1152.1+6027, class PS: This is associated with VIPS
J11540+6022 (CRATES J1154+6022), a source of unknown type, with a probability
of 73% (1LAC). Healey et al. (2007) call it a flat-spectrum radio source. Its LAT flux
was 46.21 ± 20.76 ×10−9 photons cm−2 s−1. We measured a total VLBA flux density
of 232 mJy. It has no published redshift. We found a core brightness temperature
of 3.93×1011 K, which is the highest core brightness temperature of all the “Other”
type objects and the 16th highest in our entire sample. We found a core fractional
polarization of 1.4%.
3.8 Discussion and Conclusions
3.8.1 Polarization and Magnetic Fields
The widely accepted picture of AGN central engine is a spinning super-massive
black hole surrounded by an accretion disk (Blandford 1976, Lovelace 1976, Urry
& Padovani 1995). In order to launch and collimate the jets, most models include
a strong magnetic field which is coiled into a helical shape by the rotation of the
accretion disk or the black hole. Meier (2005) proposed a model where the magnetic
field lines originate in the accretion disk and then thread through the ergosphere
(the region near a rotating black hole where spacetime itself is rotating as a result
of frame dragging) of the rotating central black hole. This allows for the black hole
to tightly wind the magnetic field lines, leading to reconnection events which can
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launch fast-moving material. This may be the source of the γ-ray emitting regions
in our blazars.
We know that strong, uniform magnetic fields lead to polarized emission. Be-
cause the majority (76%) of our γ-ray bright sources showed significant polarization
in their cores, it is obvious that they have strong, well-ordered magnetic fields in their
centers. The fact that the non-LAT sources are polarized less often (see Figure 3.12)
leads us to believe that the strong, uniform magnetic fields are somehow tied to the
γ-ray emission. Also, recall from Section 3.5.3 that the core fractional polarization
appeared to increase during LAT detection. Furthermore, Abdo et al. (2010d) noted
a dramatic change in the optical polarization orientation angle coincided with strong
γ-ray emission in 3C279. A possible explanation for this is that the magnetic fields in
the cores become stronger (field lines wound more tightly) and more uniform (lines
pulled into a less chaotic configuration) when γ-ray emission occurs. In other words,
following from the model in Meier (2005) discussed above, the spinning black hole
winds up the magnetic field lines until there is a reconnection event which launches a
new, fast-moving jet component. This new component upscatters background pho-
tons to GeV energies via inverse Compton processes (e.g., Bjo¨rnsson 2010, Tavecchio
et al. 2011, Abdo et al. 2011). Meier (2005) expected several reconnection events
in succession, followed by a time when the field has pulled back from the black hole.
Thus, the objects for which we do not detect polarization in the core could be in the
state where the field is not being wound up by the black hole.
3.8.2 Opening Angles
While we did not have a large sample of objects with measured opening angles, we
did find a hint that the LAT and non-LAT distributions are different. The K-S
test gave a 0.4% probability that the LAT and non-LAT distributions of BL Lac
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object and FSRQ opening angles are taken from the same parent sample. This is
not a highly significant result, but it is tantalizing in view of what other studies have
reported (e.g., Pushkarev et al. 2009; Ojha et al. 2010b; Lister et al. 2011).
3.8.3 BL Lac Objects
The only significant difference between the LAT and non-LAT BL Lac objects was
that the LAT BL Lacs are polarized more often. However, 10 of the 24 non-LAT
BL Lac objects showed significant core polarization, so core polarization itself is not
enough to separate the two populations. It seems likely, therefore, that all BL Lacs
produce γ-rays, but we simply do not detect all of them with the LAT. It is well
known that BL Lac objects are highly variable sources in radio and γ-ray bands
(Abdo et al. 2011). It is possible that LAT does not detect some BL Lac objects
because they have lower than average Doppler factors, either as a result of lower
velocities and/or jet orientations further from the line-of-sight. Lister et al. (2009b)
measured the kinematics of both LAT and non-LAT BL Lac objects, and found two
non-LAT BL Lac objects with maximum jet material speeds higher than the LAT
BL Lac objects. However, they only had 21 BL Lac objects, 10 of which were LAT-
detected. Further study of BL Lac object kinematics is needed before we can claim
LAT BL Lacs tend to have higher bulk material velocities. It is also possible that
BL Lac objects occasionally enter a state where γ-ray production ceases or is at least
significantly reduced. This question may be answered with continued monitoring of
BL Lac objects with LAT and future instruments.
3.8.4 FSRQs
The LAT FSRQs exhibited several significant differences from the non-LAT FSRQs.
The LAT FSRQs had higher radio flux densities, higher core brightness temperatures,
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and were polarized much more often than the non-LAT FSRQs. The LAT FSRQs
also seemed to have higher jet brightness temperatures, although this is a marginal
result. It is also possible that the LAT FSRQs have larger opening angles than non-
LAT FSRQs, but this result is tentative and is not strongly supported by the K-S
test.
As with the BL Lac objects, we saw significant variation in flux density, core
brightness temperature, and core polarization for those sources for which we had two
epochs of observations. However, as a group the FSRQs did not change significantly
in flux density or core brightness temperature between the two epochs. We did find
an increase in the number of sources with strong core polarization.
About 90% (96 of 107) of the LAT FSRQs showed significant polarization in
their cores. Compare this with only about 33% of the non-LAT FSRQs showing
core polarization, and we can see that core polarization is a strong indicator of γ-
ray emission. Of the 44 FSRQs for which we had observations in two epochs, 28
showed higher core fractional polarization during LAT detection. Only 12 showed a
decrease in core fractional polarization. So, it appears that the cores of FSRQs tend
to become more polarized during LAT detection.
3.8.5 Other Non-Blazar AGN
We found two significant differences between the LAT and non-LAT non-blazar AGN.
The first is the total radio flux density. The LAT non-blazar AGN tended to have
higher flux density than their non-LAT counterparts. The K-S test resulted in a
8.8×10−4 chance that the LAT and non-LAT distributions are drawn from the same
parent distribution. Second, the LAT non-blazar AGN are polarized much more
frequently. We detected polarization in about 43% (13 of 30) of our LAT sources,
compared to only about 20% (102 of 515) for our non-LAT sample. As with the
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BL Lac objects and FSRQs, the non-blazar AGN are not necessarily more strongly
polarized, but polarized more often.
Also, there remains a definite lack of CSO candidates among LAT-detected AGN,
despite some predictions to the contrary (e.g., Stawarz et al. 2008).
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Table 3.1: Source Data
Source 1FGL Alt. Opt.1 Class2 z3 S5 LAT
4 ∆ LAT4 Core TB Open.
5 ∆ PA 5 Notes6
Name Name Name Type [mJy] Flux Flux [K] Ang.
F00057+3815 1FGL J0005.7+3815 B2 0003+38A bzq LJET 0.229 475 38.61 9.33 3.59e+10 . . . . . .
F00193+2017 1FGL J0019.3+2017 PKS 0017+200 bzb SJET . . . 680 18.93 7.63 7.18e+10 . . . . . .
F00230+4453 1FGL J0023.0+4453 B3 0020+446 bzq LJET 1.062 120 45.43 20.21 2.53e+10 29 9
F00419+2318 1FGL J0041.9+2318 PKS 0039+230 bzq SJET 1.426 676 27.31 11.19 2.18e+10 . . . . . .
F00580+3314 1FGL J0058.0+3314 CRATES J0058+3311 bzb PS 1.371 151 42.25 17.77 2.68e+11 . . . . . .
F01022+4223 1FGL J0102.2+4223 CRATES J0102+4214 bzq PS 0.874 163 40.98 9.25 4.04e+11 . . . . . .
F01090+1816 1FGL J0109.0+1816 CRATES J0109+1816 bzb LJET 0.145 55.6 17.20 7.19 1.62e+10 . . . . . .
F01120+2247 1FGL J0112.0+2247 CGRaBS J0112+2244 bzb SJET 0.265 327 67.57 7.96 5.29e+10 . . . . . .
F01129+3207 1FGL J0112.9+3207 4C +31.03 bzq SJET 0.603 405 139.77 9.04 4.14e+10 . . . . . .
F01138+4945 1FGL J0113.8+4945 CGRaBS J0113+4948 bzq LJET 0.389 510 37.30 15.93 3.49e+10 7 3
F01144+1327 1FGL J0114.4+1327 CRATES J0113+1324 bzb LJET 0.685 106 39.15 7.82 3.82e+9 20 1 D
F01370+4751 1FGL J0137.0+4751 OC 457 bzq SJET 0.859 3150 193.96 10.34 2.61e+11 . . . . . .
F01446+2703 1FGL J0144.6+2703 CRATES J0144+2705 bzb LJET . . . 305 40.30 8.50 4.75e+10 24 -16
F02035+7234 1FGL J0203.5+7234 CGRaBS J0203+7232 bzb LJET . . . 519 63.95 28.17 8.35e+10 . . . . . .
F02045+1516 1FGL J0204.5+1516 4C +15.05 agn LJET 0.405 1500 29.98 12.42 9.52e+10 . . . . . .
F02053+3217 1FGL J0205.3+3217 B2 0202+31 bzq LJET 1.466 2120 45.21 19.21 1.25e+12 . . . . . .
F02112+1049 1FGL J0211.2+1049 CGRaBS J0211+1051 bzb SJET . . . 1060 41.30 8.45 1.61e+11 . . . . . .
F02178+7353 1FGL J0217.8+7353 1ES 0212+735 bzq LJET 2.367 3950 77.11 34.06 1.28e+11 . . . . . .
F02210+3555 1FGL J0221.0+3555 B2 0218+35 bzq CPLX 0.944 835 125.80 9.39 3.40e+9 . . . . . .
F02308+4031 1FGL J0230.8+4031 B3 0227+403 bzq SJET 1.019 501 58.74 26.55 2.71e+10 . . . . . .
F02379+2848 1FGL J0237.9+2848 4C +28.07 bzq LJET 1.213 2420 135.56 9.70 1.50e+11 27 3
F02386+1637 1FGL J0238.6+1637 PKS 0235+164 bzb PS 0.94 919 427.15 12.63 1.33e+11 . . . . . .
F02435+7116 1FGL J0243.5+7116 CRATES J0243+7120 bzb SJET . . . 166 25.10 8.78 9.43e+9 . . . . . .
F02454+2413 1FGL J0245.4+2413 B2 0242+23 bzq LJET 2.243 251 41.30 17.43 2.75e+9 . . . . . .
F02580+2033 1FGL J0258.0+2033 CRATES J0258+2030 bzb LJET . . . 66.3 18.92 7.78 1.07e+10 35 -10
F03106+3812 1FGL J0310.6+3812 B3 0307+380 bzq PS 0.816 375 41.19 18.21 2.57e+11 . . . . . .
F03197+4130 1FGL J0319.7+4130 NGC 1275 agn LJET 0.018 16200 213.59 10.69 1.23e+11 . . . . . .
F03250+3403 1FGL J0325.0+3403 B2 0321+33B agn LJET 0.061 357 56.29 23.97 2.15e+10 . . . . . .
F03259+2219 1FGL J0325.9+2219 CGRaBS J0325+2224 bzq SJET 2.066 889 58.65 24.82 1.37e+11 . . . . . .
F03546+8009 1FGL J0354.6+8009 CRATES J0354+8009 agu LJET . . . 280 46.05 8.82 5.05e+10 35 -12
F04335+2905 1FGL J0433.5+2905 CGRaBS J0433+2905 bzb SJET . . . 240 58.78 19.56 4.17e+10 . . . . . .
F04335+3230 1FGL J0433.5+3230 CRATES J0433+3237 bzq SJET 2.011 59.8 17.54 7.08 4.23e+9 . . . . . .
F04406+2748 1FGL J0440.6+2748 B2 0437+27B bzb SJET . . . 31 25.29 0.00 3.19e+9 . . . . . .
F04486+112A 1FGL J0448.6+1118 CRATES J0448+1127 bzq LJET 1.369 383 60.13 23.11 1.23e+10 28 -36 D
F04486+112B 1FGL J0448.6+1118 PKS 0446+11 bzb SJET 1.207 1260 60.13 23.11 1.24e+11 . . . . . . D,N
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Table 3.1 – Continued
Source 1FGL Alt. Opt.1 Class2 z3 S5 LAT
4 ∆ LAT4 Core TB Open.
5 ∆ PA5 Notes6
Name Name Name Type [mJy] Flux Flux [K] Ang.
F05092+1015 1FGL J0509.2+1015 PKS 0506+101 bzq LJET 0.621 310 53.24 22.08 4.00e+10 . . . . . .
F05100+180A 1FGL J0510.0+1800 CRATES J0509+1806 agu LJET . . . 44.8 32.38 12.39 8.80e+9 25 3 D
F05100+180B 1FGL J0510.0+1800 PKS 0507+17 bzq LJET 0.416 441 32.38 12.39 3.63e+10 22 -3 D
F05310+1331 1FGL J0531.0+1331 PKS 0528+134 bzq LJET 2.07 2220 146.45 13.71 1.34e+11 . . . . . .
F06072+4739 1FGL J0607.2+4739 CGRaBS J0607+4739 bzb LJET . . . 226 32.89 13.16 3.51e+10 . . . . . .
F06127+4120 1FGL J0612.7+4120 B3 0609+413 bzb LJET . . . 296 39.74 13.60 5.21e+10 . . . . . .
F06169+5701 1FGL J0616.9+5701 CRATES J0617+5701 bzb LJET . . . 256 16.24 5.89 8.23e+10 . . . . . .
F06254+4440 1FGL J0625.4+4440 CGRaBS J0625+4440 bzb PS . . . 162 21.27 8.33 2.25e+11 . . . . . .
F06399+7325 1FGL J0639.9+7325 CGRaBS J0639+7324 bzq LJET 1.854 612 39.52 17.33 4.73e+10 14 4
F06507+2503 1FGL J0650.7+2503 1ES 0647+250 bzb PS 0.203 21.5 16.73 5.54 3.49e+9 . . . . . .
F06544+5042 1FGL J0654.4+5042 CGRaBS J0654+5042 agu SJET . . . 240 42.02 7.63 2.31e+10 . . . . . .
F06543+4514 1FGL J0654.3+4514 B3 0650+453 bzq PS 0.933 218 115.24 8.96 1.67e+10 . . . . . .
F07114+4731 1FGL J0711.4+4731 B3 0707+476 bzb LJET 1.292 620 37.32 15.00 6.57e+10 . . . . . . N
F07127+5033 1FGL J0712.7+5033 CGRaBS J0712+5033 bzb PS . . . 252 29.25 10.21 6.14e+10 . . . . . .
F07193+3306 1FGL J0719.3+3306 B2 0716+33 bzq PS 0.779 383 70.34 7.31 9.91e+10 . . . . . .
F07219+7120 1FGL J0721.9+7120 CGRaBS J0721+7120 bzb SJET 0.31 1340 149.23 8.47 7.42e+11 . . . . . .
F07253+1431 1FGL J0725.3+1431 4C +14.23 bzq LJET 1.038 688 37.66 7.77 3.80e+10 37 -54
F07382+1741 1FGL J0738.2+1741 PKS 0735+178 bzb LJET 0.424 644 43.78 13.96 1.40e+10 31 10
J07426+5444 1FGL J0742.2+5443 CRATES J0742+5444 bzq PS 0.723 220 59.25 24.76 4.48e+11 . . . . . .
J07464+2549 1FGL J0746.6+2548 B2 0743+25 bzq SJET 2.979 564 42.28 7.88 3.79e+11 . . . . . .
F07506+1235 1FGL J0750.6+1235 PKS 0748+126 bzq LJET 0.889 3390 37.46 7.57 3.30e+11 . . . . . .
J07530+5352 1FGL J0752.8+5353 4C +54.15 bzb PS 0.2 485 27.01 11.32 3.76e+10 . . . . . .
J08053+6144 1FGL J0806.2+6148 CGRaBS J0805+6144 bzq SJET 3.033 828 36.04 8.88 5.28e+10 . . . . . .
J08096+3455 1FGL J0809.4+3455 B2 0806+35 bzb LJET 0.082 58.6 9.00 3.34 1.90e+10 . . . . . .
J08098+5218 1FGL J0809.5+5219 CRATES J0809+5218 bzb LJET 0.138 108 43.03 7.77 2.78e+9 50 20
J08146+6431 1FGL J0815.0+6434 CGRaBS J0814+6431 bzb LJET . . . 102 32.76 12.91 7.31e+10 . . . . . .
J08163+5739 1FGL J0816.7+5739 BZB J0816+5739 bzb CPLX . . . 21.5 15.19 5.65 4.77e+8 . . . . . .
J08182+4222 1FGL J0818.2+4222 B3 0814+425 bzb SJET 0.53 1660 108.47 8.38 3.17e+11 . . . . . . N
J08247+5552 1FGL J0825.0+5555 OJ 535 bzq LJET 1.417 971 62.43 8.92 3.80e+10 17 -11
J08308+2410 1FGL J0830.5+2407 OJ 248 bzq SJET 0.94 1110 65.29 8.21 4.14e+11 . . . . . . M
J08338+4224 1FGL J0834.4+4221 B3 0830+425 bzq SJET 0.249 249 31.44 7.80 3.90e+10 . . . . . .
F08422+7054 1FGL J0842.2+7054 4C +71.07 bzq LJET 2.218 1680 61.94 8.92 9.87e+9 9 -19
F08499+4852 1FGL J0849.9+4852 CRATES J0850+4854 agu LJET . . . 60.1 29.87 6.99 1.20e+9 54 121
J08548+2006 1FGL J0854.8+2006 OJ 287 bzb SJET 0.306 2380 63.31 13.83 3.17e+11 . . . . . . M
J08566+2057 1FGL J0856.6+2103 CRATES J0850+2057 bzq LJET 0.539 45.1 39.89 17.57 1.28e+10 16 10 D,N
J08569+2111 1FGL J0856.6+2103 OJ 290 bzq LJET 2.098 365 39.89 17.57 8.24e+9 . . . . . . D
Continued on Next Page. . .
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Table 3.1 – Continued
Source 1FGL Alt. Opt.1 Class2 z3 S5 LAT
4 ∆ LAT4 Core TB Open.
5 ∆ PA5 Notes6
Name Name Name Type [mJy] Flux Flux [K] Ang.
F09055+1356 1FGL J0905.5+1356 CRATES J0905+1358 agu SJET . . . 48.5 18.39 7.21 7.33e+9 . . . . . .
J09106+3329 1FGL J0910.7+3332 Ton 1015 bzb LJET 0.354 130 22.76 9.04 4.04e+10 . . . . . .
J09121+4126 1FGL J0912.3+4127 B3 0908+416B bzq LJET 2.563 132 18.51 7.61 3.95e+9 . . . . . .
J09158+2933 1FGL J0915.7+2931 B2 0912+29 bzb LJET . . . 80 22.64 8.34 1.30e+10 . . . . . .
J09209+4441 1FGL J0920.9+4441 B3 0917+449 bzq LJET 2.19 1020 242.01 9.44 3.59e+10 44 -159
J09216+6215 1FGL J0919.6+6216 OK 630 bzq LJET 1.446 1410 35.59 7.95 1.59e+11 . . . . . .
J09235+4125 1FGL J0923.2+4121 B3 0920+416 agn LJET 0.028 220 40.61 10.01 2.97e+10 10 1
J09238+2815 1FGL J0924.2+2812 B2 0920+28 bzq PS 0.744 899 44.39 19.61 1.95e+11 . . . . . .
J09292+5013 1FGL J0929.4+5000 CRATES J0929+5013 bzb LJET 0.37039 430 21.40 9.29 4.81e+10 . . . . . . N
J09341+3926 1FGL J0934.5+3929 CGRaBS J0934+3926 bzb PS 0.044 108 19.72 7.73 2.89e+10 . . . . . . N
J09372+5008 1FGL J0937.7+5005 CGRaBS J0937+5008 bzq PS 0.276 324 52.33 11.77 1.05e+11 . . . . . .
J09418+2728 1FGL J0941.2+2722 CGRaBS J0941+2728 bzq PS 1.306 235 18.15 7.24 1.46e+10 . . . . . .
F09456+5754 1FGL J0945.6+5754 CRATES J0945+5757 bzb LJET 0.229 42.9 17.96 7.22 1.64e+10 . . . . . .
F09466+1012 1FGL J0946.6+1012 CRATES J0946+1017 bzq SJET 1.007 245 28.22 11.71 2.42e+10 . . . . . .
J09496+1752 1FGL J0949.8+1757 CRATES J0949+1752 bzq LJET 0.693 207 18.85 0.00 1.50e+11 . . . . . . D
F09498+1757 1FGL J0949.8+1757 CRATES J0950+1804 agu SJET 0.69327 37.2 18.85 0.00 1.43e+9 . . . . . . D,N
F09565+6938 1FGL J0956.5+6938 M 82 sbg PS 0.000677 14 38.40 16.23 3.39e+9 . . . . . . N
J09568+2515 1FGL J0956.9+2513 B2 0954+25A bzq PS 0.712 645 28.07 11.59 7.88e+9 . . . . . .
J09576+5522 1FGL J0957.7+5523 4C +55.17 bzq LJET 0.896 580 106.45 7.43 9.88e+8 68 -1
F10001+6539 1FGL J1000.1+6539 CGRaBS J0958+6533 bzb LJET 0.367 1450 28.21 11.72 5.07e+11 . . . . . .
F10127+2440 1FGL J1012.7+2440 CRATES J1012+2439 bzq SJET 1.805 63.9 49.66 6.81 5.56e+9 . . . . . .
J10150+4926 1FGL J1015.1+4927 1ES 1011+496 bzb LJET 0.2 201 63.31 6.16 7.98e+9 . . . . . .
J10330+4116 1FGL J1033.2+4116 B3 1030+415 bzq LJET 1.117 1290 29.30 6.86 2.22e+12 . . . . . .
J10338+6051 1FGL J1033.8+6048 CGRaBS J1033+6051 bzq SJET 1.401 188 50.15 7.02 1.55e+10 . . . . . .
F10377+5711 1FGL J1037.7+5711 CRATES J1037+5711 bzb PS . . . 61.8 30.14 10.02 1.73e+10 . . . . . .
J10431+2408 1FGL J1043.1+2404 B2 1040+24A bzb SJET 0.56 738 18.02 6.92 1.26e+11 . . . . . .
F10487+8054 1FGL J1048.7+8054 CGRaBS J1044+8054 bzq LJET 1.26 727 57.94 8.73 3.32e+10 3 -10
F10485+7239 1FGL J1048.5+7239 CRATES J1047+7238 agu LJET . . . 61 44.18 19.09 1.60e+10 . . . . . .
F10488+7145 1FGL J1048.8+7145 CGRaBS J1048+7143 bzq PS 1.15 1170 59.88 26.71 1.09e+11 . . . . . .
J10586+5628 1FGL J1058.6+5628 CGRaBS J1058+5628 bzb LJET 0.143 159 56.29 6.84 1.93e+10 . . . . . .
J11044+3812 1FGL J1104.4+3812 Mkn 421 bzb LJET 0.03 262 170.63 7.25 8.35e+10 . . . . . .
J11061+2812 1FGL J1106.5+2809 CRATES J1106+2812 agu PS 0.847 227 34.63 15.03 2.25e+11 . . . . . . N
J11126+3446 1FGL J1112.8+3444 CRATES J1112+3446 bzq LJET 1.949 197 33.70 13.80 6.37e+10 . . . . . .
F11171+2013 1FGL J1117.1+2013 CRATES J1117+2014 bzb LJET 0.138 36.5 11.66 3.57 1.28e+10 . . . . . .
J11240+2336 1FGL J1123.9+2339 OM 235 bzb SJET . . . 362 23.95 9.65 6.96e+10 . . . . . .
F11366+7009 1FGL J1136.6+7009 Mkn 180 bzb LJET 0.045 136 13.12 4.46 2.51e+10 . . . . . .
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Table 3.1 – Continued
Source 1FGL Alt. Opt.1 Class2 z3 S5 LAT
4 ∆ LAT4 Core TB Open.
5 ∆ PA5 Notes6
Name Name Name Type [mJy] Flux Flux [K] Ang.
J11421+1547 1FGL J1141.8+1549 CRATES J1142+1547 agu LJET . . . 139 12.87 5.19 9.15e+10 28 5
J11469+3958 1FGL J1146.8+4004 B2 1144+40 bzq PS 1.089 603 46.91 20.17 2.85e+11 . . . . . .
J11503+2417 1FGL J1150.2+2419 B2 1147+24 bzb LJET 0.2 621 29.11 11.81 4.47e+10 20 -8
J11514+5859 1FGL J1151.6+5857 CRATES J1151+5859 bzb SJET . . . 61.7 18.22 7.12 3.88e+9 . . . . . .
J11540+6022 1FGL J1152.1+6027 CRATES J1154+6022 . . . PS . . . 232 46.21 20.76 3.93e+11 . . . . . .
J11595+2914 1FGL J1159.4+2914 4C +29.45 bzq LJET 0.729 1250 115.40 7.84 2.36e+12 . . . . . . M
J12030+6031 1FGL J1202.9+6032 CRATES J1203+6031 agn LJET 0.065 145 44.79 20.07 2.75e+10 . . . . . .
J12089+5441 1FGL J1209.3+5444 CRATES J1208+5441 bzq PS 1.344 252 35.45 15.20 2.28e+11 . . . . . .
J12093+4119 1FGL J1209.4+4119 B3 1206+416 bzb LJET 0.377 131 22.25 9.57 2.91e+10 . . . . . . N
J12098+1810 1FGL J1209.7+1806 CRATES J1209+1810 bzq SJET 0.845 140 19.72 7.97 3.19e+10 . . . . . .
J12178+3007 1FGL J1217.7+3007 B2 1215+30 bzb LJET 0.13 261 83.01 31.55 7.36e+10 . . . . . .
F12215+7106 1FGL J1221.5+7106 CRATES J1220+7105 bzq SJET 0.451 183 10.07 3.84 9.96e+10 . . . . . .
J12201+3431 1FGL J1220.2+3432 CGRaBS J1220+3431 bzb LJET 0.643 129 11.03 4.65 1.90e+10 . . . . . . N
J12215+2813 1FGL J1221.5+2814 W Com bzb LJET 0.102 320 76.04 11.97 3.64e+10 . . . . . .
F12248+8044 1FGL J1224.8+8044 CRATES J1223+8040 bzb LJET . . . 450 25.48 10.12 4.01e+10 27 -1
J12248+4335 1FGL J1225.8+4336 B3 1222+438 agu LJET 1.07491 207 36.15 15.51 3.15e+10 . . . . . . D,N
J12249+2122 1FGL J1224.7+2121 4C +21.35 bzq LJET 0.435 746 69.70 7.78 3.97e+11 81 5 M
J12269+4340 1FGL J1225.8+4336 B3 1224+439 bzq SJET 2.002 85 36.15 15.51 8.58e+9 . . . . . . D
J12302+2518 1FGL J1230.4+2520 ON 246 bzb LJET 0.135 206 27.43 11.46 1.97e+10 33 -3
F12316+2850 1FGL J1231.6+2850 B2 1229+29 bzb LJET 0.236 86.3 25.44 8.13 1.33e+10 17 7
F12431+3627 1FGL J1243.1+3627 B2 1240+36 bzb SJET 1.0654 59.6 24.30 9.36 8.77e+9 . . . . . . N
J12483+5820 1FGL J1248.2+5820 CGRaBS J1248+5820 bzb LJET 0.847 124 61.70 6.81 3.85e+10 36 2 N
J12531+5301 1FGL J1253.0+5301 CRATES J1253+5301 bzb LJET . . . 240 35.44 6.32 2.91e+10 10 3
J12579+3229 1FGL J1258.3+3227 B2 1255+32 bzq LJET 0.806 467 21.96 0.00 3.49e+10 . . . . . .
J13030+2433 1FGL J1303.0+2433 CRATES J1303+2433 bzb PS 0.993 134 36.84 6.88 1.52e+11 . . . . . . N
F13060+7852 1FGL J1306.0+7852 CRATES J1305+7854 agu SJET . . . 213 17.53 6.82 1.82e+10 . . . . . .
J13083+3546 1FGL J1308.5+3550 CGRaBS J1308+3546 bzq SJET 1.055 309 41.59 16.49 3.25e+11 . . . . . .
F13092+1156 1FGL J1309.2+1156 4C +12.46 bzb LJET . . . 629 29.66 12.32 9.56e+9 33 8
J13104+3220 1FGL J1310.6+3222 B2 1308+32 bzq LJET 0.997 1240 135.55 8.98 6.57e+11 25 -32 M
J13127+4828 1FGL J1312.4+4827 CGRaBS J1312+4828 bzq PS 0.501 66.7 31.29 12.84 1.62e+9 . . . . . .
J13147+2348 1FGL J1314.7+2346 CRATES J1314+2348 bzb LJET . . . 123 35.58 15.30 2.22e+10 . . . . . .
J13176+3425 1FGL J1317.8+3425 B2 1315+34A bzq LJET 1.05 260 18.93 7.43 4.47e+10 . . . . . .
J13211+2216 1FGL J1321.1+2214 CGRaBS J1321+2216 bzq SJET 0.943 244 34.18 14.92 2.14e+10 . . . . . .
F13213+8310 1FGL J1321.3+8310 CRATES J1321+8316 agu LJET 1.024 232 27.88 11.62 1.32e+10 9 -9 N
J13270+2210 1FGL J1326.6+2213 B2 1324+22 bzq SJET 1.4 1120 54.09 11.78 1.22e+12 . . . . . . M
J13307+5202 1FGL J1331.0+5202 CGRaBS J1330+5202 agn LJET 0.688 148 41.52 0.00 4.50e+10 . . . . . .
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Table 3.1 – Continued
Source 1FGL Alt. Opt.1 Class2 z3 S5 LAT
4 ∆ LAT4 Core TB Open.
5 ∆ PA5 Notes6
Name Name Name Type [mJy] Flux Flux [K] Ang.
J13327+4722 1FGL J1332.9+4728 B3 1330+476 bzq PS 0.669 298 32.08 14.24 1.30e+11 . . . . . .
J13338+5057 1FGL J1333.2+5056 CLASS J1333+5057 agu PS 1.362 48.4 64.33 27.63 1.46e+10 . . . . . . N
J13455+4452 1FGL J1345.4+4453 B3 1343+451 bzq SJET 2.534 333 52.18 21.04 2.11e+11 . . . . . .
J13508+3034 1FGL J1351.0+3035 B2 1348+30B bzq SJET 0.714 251 14.81 5.25 3.29e+10 . . . . . .
F13533+1434 1FGL J1353.3+1434 PKS 1350+148 bzb LJET . . . 177 24.77 10.48 9.44e+9 32 29
F13581+7646 1FGL J1358.1+7646 CGRaBS J1357+7643 bzq SJET 1.585 425 40.70 17.83 8.58e+10 . . . . . .
J13590+5544 1FGL J1359.1+5539 CRATES J1359+5544 bzq PS 1.014 108 37.91 16.61 6.36e+10 . . . . . .
J14270+2348 1FGL J1426.9+2347 PKS 1424+240 bzb CPLX . . . 199 69.51 7.92 1.21e+10 . . . . . .
J14340+4203 1FGL J1433.9+4204 B3 1432+422 bzq SJET 1.24 131 25.17 10.63 1.50e+10 . . . . . .
J14366+2321 1FGL J1436.9+2314 PKS 1434+235 bzq LJET 1.545 600 24.69 10.78 2.79e+11 . . . . . .
J14388+3710 1FGL J1438.7+3711 B2 1436+37B bzq LJET 2.401 263 33.44 15.00 2.31e+11 . . . . . . D
F14387+3711 1FGL J1438.7+3711 CRATES J1439+3712 bzq LJET 1.021 33.3 33.44 15.00 9.52e+9 . . . . . . D
F14438+2457 1FGL J1443.8+2457 PKS 1441+25 bzq LJET 0.939 286 20.05 7.96 1.15e+11 . . . . . .
J14509+5201 1FGL J1451.0+5204 CLASS J1450+5201 bzb PS . . . 37.5 33.61 14.31 2.25e+10 . . . . . .
J14544+5124 1FGL J1454.6+5125 CRATES J1454+5124 bzb LJET 1.08 80.2 50.54 22.17 5.83e+9 . . . . . . N
F15044+1029 1FGL J1504.4+1029 PKS 1502+106 bzq LJET 1.839 1030 1061.22 14.67 3.54e+10 56 -18
J15061+3730 1FGL J1505.8+3725 B2 1504+37 bzq LJET 0.674 630 31.13 12.90 8.54e+10 11 3
J15169+1932 1FGL J1516.9+1928 PKS 1514+197 bzb LJET 1.07 662 35.06 15.62 2.27e+11 . . . . . . N
F15197+4216 1FGL J1519.7+4216 B3 1518+423 bzq PS 0.484 40.8 20.75 8.72 1.09e+10 . . . . . .
J15221+3144 1FGL J1522.1+3143 B2 1520+31 bzq CPLX 1.487 462 411.49 10.60 1.12e+11 . . . . . .
J15396+2744 1FGL J1539.7+2747 CGRaBS J1539+2744 bzq SJET 2.19 145 13.50 4.90 9.70e+10 . . . . . .
J15429+6129 1FGL J1542.9+6129 CRATES J1542+6129 bzb LJET . . . 97.8 65.53 6.88 2.38e+10 . . . . . .
F15534+1255 1FGL J1553.4+1255 PKS 1551+130 bzq LJET 1.308 658 119.49 13.66 1.21e+10 29 -157
F15557+1111 1FGL J1555.7+1111 PG 1553+113 bzb SJET 0.36 160 77.62 22.73 6.35e+10 . . . . . .
J16046+5714 1FGL J1604.3+5710 CGRaBS J1604+5714 bzq LJET 0.72 374 54.28 23.42 1.01e+10 3 14
J16071+1551 1FGL J1607.1+1552 4C +15.54 agn LJET 0.496 322 33.90 7.75 3.19e+10 27 4
F16090+1031 1FGL J1609.0+1031 4C +10.45 bzq LJET 1.226 1120 61.34 9.82 4.12e+10 . . . . . .
J16136+3412 1FGL J1613.5+3411 B2 1611+34 bzq LJET 1.397 2960 22.67 9.88 3.58e+10 . . . . . . M
J16160+4632 1FGL J1616.1+4637 CRATES J1616+4632 bzq PS 0.95 74.2 37.69 16.18 4.16e+10 . . . . . .
F16302+5220 1FGL J1630.2+5220 CRATES J1630+5221 bzb PS . . . 27.3 19.32 7.35 1.59e+9 . . . . . .
F16354+8228 1FGL J1635.4+8228 NGC 6251 agn LJET 0.025 637 45.51 18.77 1.41e+10 1 2
J16377+4717 1FGL J1637.9+4707 4C +47.44 bzq LJET 0.74 673 35.84 8.79 7.56e+10 . . . . . .
F16410+1143 1FGL J1641.0+1143 CRATES J1640+1144 agn LJET 0.078 115 47.36 20.81 7.65e+9 . . . . . .
J16475+4950 1FGL J1647.4+4948 CGRaBS J1647+4950 agn LJET 0.047 154 33.29 8.54 2.02e+10 . . . . . .
J16568+6012 1FGL J1656.9+6017 CRATES J1656+6012 bzq PS 0.623 323 18.12 7.82 7.16e+10 . . . . . .
F17001+6830 1FGL J1700.1+6830 CGRaBS J1700+6830 bzq PS 0.301 372 55.99 7.32 7.28e+10 . . . . . .
Continued on Next Page. . .
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Table 3.1 – Continued
Source 1FGL Alt. Opt.1 Class2 z3 S5 LAT
4 ∆ LAT4 Core TB Open.
5 ∆ PA5 Notes6
Name Name Name Type [mJy] Flux Flux [K] Ang.
J17096+4318 1FGL J1709.6+4320 B3 1708+433 bzq LJET 1.027 140 42.84 17.10 2.19e+10 . . . . . .
F17192+1745 1FGL J1719.2+1745 PKS 1717+177 bzb SJET 0.137 642 44.76 15.61 1.66e+11 . . . . . .
F17225+1012 1FGL J1722.5+1012 CRATES J1722+1013 bzq SJET 0.732 386 59.14 26.13 1.93e+10 . . . . . .
J17240+4004 1FGL J1724.0+4002 B2 1722+40 agn LJET 1.049 435 47.16 8.97 3.32e+11 . . . . . .
F17250+1151 1FGL J1725.0+1151 CGRaBS J1725+1152 bzb SJET 0.018 63.3 54.96 23.25 4.47e+10 . . . . . . N
J17274+4530 1FGL J1727.3+4525 B3 1726+455 bzq SJET 0.714 1050 39.28 7.93 1.68e+12 . . . . . .
J17283+5013 1FGL J1727.9+5010 I Zw187 bzb LJET 0.055 133 28.67 12.02 6.88e+9 11 31
F17308+3716 1FGL J1730.8+3716 CRATES J1730+3714 bzb SJET . . . 54.9 24.08 9.56 1.91e+9 . . . . . .
J17343+3857 1FGL J1734.4+3859 B2 1732+38A bzq PS 0.976 872 99.48 10.85 1.22e+11 . . . . . .
J17425+5945 1FGL J1742.1+5947 CRATES J1742+5945 bzb LJET . . . 118 27.81 7.02 1.58e+10 1 -1
F17442+1934 1FGL J1744.2+1934 1ES 1741+196 bzb SJET 0.083 154 15.54 6.15 1.12e+10 . . . . . .
F17485+7004 1FGL J1748.5+7004 CGRaBS J1748+7005 bzb CPLX 0.77 615 31.49 12.02 2.88e+10 . . . . . .
J17490+4321 1FGL J1749.0+4323 B3 1747+433 bzb LJET . . . 373 35.44 14.39 6.46e+10 . . . . . .
F17566+5524 1FGL J1756.6+5524 CRATES J1757+5523 bzb LJET 0.065 40.7 27.79 12.00 4.04e+9 . . . . . . D
F18004+7827 1FGL J1800.4+7827 CGRaBS J1800+7828 bzb LJET 0.68 2370 64.41 7.67 1.28e+11 12 -8
F18070+6945 1FGL J1807.0+6945 3C 371 bzb LJET 0.051 1200 75.93 12.26 4.46e+10 6 14
F18096+2908 1FGL J1809.6+2908 CRATES J1809+2910 bzb SJET . . . 96.9 21.61 8.26 1.32e+11 . . . . . .
F18134+3141 1FGL J1813.4+3141 B2 1811+31 bzb LJET 0.117 81.3 30.48 11.57 1.31e+10 . . . . . .
F18240+5651 1FGL J1824.0+5651 4C +56.27 bzb LJET 0.664 1060 64.59 10.22 1.82e+11 . . . . . . N
F18485+3224 1FGL J1848.5+3224 B2 1846+32A bzq LJET 0.798 322 74.19 15.38 3.55e+10 . . . . . .
F18493+6705 1FGL J1849.3+6705 CGRaBS J1849+6705 bzq LJET 0.657 1310 227.47 9.47 3.84e+11 . . . . . .
F18525+4853 1FGL J1852.5+4853 CGRaBS J1852+4855 bzq PS 1.25 420 51.36 22.81 7.41e+11 . . . . . .
F19030+5539 1FGL J1903.0+5539 CRATES J1903+5540 bzb LJET . . . 180 37.53 15.16 2.49e+10 35 -4
F19416+7214 1FGL J1941.6+7214 CRATES J1941+7221 agu SJET . . . 157 66.46 29.70 2.18e+10 . . . . . .
F20000+6508 1FGL J2000.0+6508 1ES 1959+650 bzb LJET 0.049 213 71.92 8.60 2.31e+10 39 2
F20019+7040 1FGL J2001.9+7040 CRATES J2001+7040 agu LJET . . . 36.5 27.18 10.17 5.63e+9 . . . . . .
F20060+7751 1FGL J2006.0+7751 CGRaBS J2005+7752 bzb LJET 0.342 904 51.58 22.83 9.70e+10 . . . . . .
F20091+7228 1FGL J2009.1+7228 4C +72.28 bzb LJET . . . 775 46.83 13.78 1.62e+10 . . . . . .
F20204+7608 1FGL J2020.4+7608 CGRaBS J2022+7611 bzb LJET . . . 774 45.59 19.42 1.19e+11 33 27
F20315+1219 1FGL J2031.5+1219 PKS 2029+121 bzb SJET 1.215 1080 50.42 21.03 4.74e+11 . . . . . . N
F20354+1100 1FGL J2035.4+1100 PKS 2032+107 bzq LJET 0.601 522 74.93 14.31 1.36e+11 . . . . . .
F20497+1003 1FGL J2049.7+1003 PKS 2047+098 agu LJET . . . 698 58.69 25.99 6.07e+10 . . . . . . D
F21155+2937 1FGL J2115.5+2937 B2 2113+29 bzq LJET 1.514 705 39.17 11.71 7.26e+9 . . . . . .
F21161+3338 1FGL J2116.1+3338 B2 2114+33 bzb LJET . . . 49.5 38.92 15.69 4.46e+9 . . . . . .
F21209+1901 1FGL J2120.9+1901 OX 131 bzq LJET 2.18 363 43.68 17.31 2.25e+10 21 5
F21434+1742 1FGL J2143.4+1742 OX 169 bzq SJET 0.211 728 184.60 10.49 1.52e+11 . . . . . .
Continued on Next Page. . .
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Table 3.1 – Continued
Source 1FGL Alt. Opt.1 Class2 z3 S5 LAT
4 ∆ LAT4 Core TB Open.
5 ∆ PA5 Notes6
Name Name Name Type [mJy] Flux Flux [K] Ang.
F21525+1734 1FGL J2152.5+1734 PKS 2149+17 bzb SJET 0.871 495 20.25 7.86 1.51e+10 . . . . . .
F21574+3129 1FGL J2157.4+3129 B2 2155+31 bzq SJET 1.486 479 53.99 10.54 3.57e+11 . . . . . .
F22035+1726 1FGL J2203.5+1726 PKS 2201+171 bzq LJET 1.076 692 93.40 8.59 6.52e+10 . . . . . .
F22121+2358 1FGL J2212.1+2358 PKS 2209+236 bzq LJET 1.125 902 21.37 8.40 1.30e+11 . . . . . .
F22171+2423 1FGL J2217.1+2423 B2 2214+24B bzb LJET 0.505 550 42.39 8.32 3.30e+11 . . . . . .
F22193+1804 1FGL J2219.3+1804 CGRaBS J2219+1806 bzq SJET 1.071 169 25.49 10.40 4.80e+10 . . . . . .
F22362+2828 1FGL J2236.2+2828 B2 2234+28A bzq SJET 0.795 1500 84.96 8.23 2.62e+11 . . . . . .
F22440+2021 1FGL J2244.0+2021 CRATES J2243+2021 bzb LJET . . . 60.5 38.41 14.31 1.51e+10 . . . . . .
F22501+3825 1FGL J2250.1+3825 B3 2247+381 bzb SJET 0.119 56.5 26.04 10.72 5.33e+9 . . . . . .
F22517+4030 1FGL J2251.7+4030 CRATES J2251+4030 bzb SJET . . . 63.2 46.51 19.73 9.07e+9 . . . . . .
F22539+1608 1FGL J2253.9+1608 3C 454.3 bzq LJET 0.859 11200 1355.47 17.05 5.91e+11 36 24
F23073+1452 1FGL J2307.3+1452 CGRaBS J2307+1450 bzb LJET 0.503 50.7 24.64 9.21 2.32e+10 . . . . . . N
F23110+3425 1FGL J2311.0+3425 B2 2308+34 bzq LJET 1.817 808 53.68 9.52 5.80e+10 . . . . . .
F23220+3208 1FGL J2322.0+3208 B2 2319+31 bzq LJET 1.489 475 40.48 17.44 2.32e+11 . . . . . .
F23216+2726 1FGL J2321.6+2726 4C +27.50 bzq LJET 1.253 941 41.26 18.15 4.25e+10 . . . . . .
F23226+3435 1FGL J2322.6+3435 CRATES J2322+3436 bzb PS 0.098 27.3 34.87 0.00 6.68e+9 . . . . . .
F23252+3957 1FGL J2325.2+3957 B3 2322+396 bzb SJET . . . 139 27.66 8.30 1.24e+10 . . . . . .
1Optical type from 1LAC: bzb = BL Lac object, bzq = FSRQ, agn = non-blazar AGN, agu = AGN of unknown type,
sbg = starburst galaxy
2Automated Source Classification: LJET = Long Jet, SJET = Short Jet, PS = Point Source, CPLX = Complex
3Redshifts taken from 1LAC, except where specified in Notes
4γ-ray flux and uncertainties for 100 MeV to 100 GeV given in units of 10−9 photons cm−2 s−1
5Apparent opening angle and change in jet position angle both given in degrees
6Notes: M = MOJAVE source, see Lister et al. (2009c); D = source with two or more AGN associations in 1LAC; N =
redshift obtained from NED
For source RA and DEC positions, see Appendix A or Linford et al. (2012)
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Table 3.2: Source Classifications
LAT/non-LAT Opt. Type LJET SJET PS CPLX CSO Unidentified
LAT-detected
BL Lacs 55 (58%) 25 (26%) 12 (13%) 3 (3%) . . . . . .
FSRQs 54 (50%) 30 (28%) 21 (20%) 2 (2%) . . . . . .
AGN/Other 21 (70%) 5 (17%) 4 (13%) . . . . . . . . .
non-LAT-detected
BL Lacs 11 (46%) 7 (29%) 6 (25%) . . . . . . . . .
FSRQs 188 (39%) 121 (25%) 136 (28%) 2 (∼1%) 30 (6%) 2 (∼1%)
AGN/Other 214 (42%) 98 (19%) 111 (21%) 11 (2%) 71 (14%) 10 (2%)
LJET = long jet, SJET = short jet, PS = point source, CPLX = complex, CSO = compact symmetric object candidate
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Figure 3.1: LAT γ-ray flux (100 MeV - 100 GeV) vs. total VLBA radio flux density
at 5 GHz. The γ-ray fluxes are in units of 10−9 photons cm−2 s−1. The black squares
are BL Lacs, the blue triangles are FSRQs, and the red circles are radio galaxies and
unclassified objects. Error bars are omitted for ease of viewing.
108
Chapter 3. Contemporaneous Observations of LAT Blazars
0 2000 4000 6000 8000 100000
5
10
15
107 LAT FSRQs
S5 GHz (mJy)
N
um
be
r
0 2000 4000 6000 8000 100000
50
100
150
479 non−LAT FSRQs
S5 GHz (mJy)
N
um
be
r
Figure 3.2: Distributions of LAT (top) and non-LAT (bottom) FSRQ total VLBA
flux density at 5 GHz.
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Figure 3.3: Top: Difference in total flux density at 5 GHz (current - archival) versus
total LAT flux. Bottom: Absolute value of the difference in total flux density (current
- archival) versus total LAT flux. Black squares are BL Lac objects, blue triangles
are FSRQs, and red circles are AGN/other.
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Figure 3.4: Top: Difference in core flux density at 5 GHz (current - archival) versus
total LAT flux. Bottom: Absolute value of the difference in core flux density (current
- archival) versus total LAT flux. Black squares are BL Lac objects, blue triangles
are FSRQs, and red circles are AGN/other.
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Figure 3.5: Core brightness temperatures, current data (2009-2010) vs. archival data
(prior to or during 2006).
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Figure 3.6: Core fractional polarization at 5 GHz, current data (2009-2010) vs.
archival data (prior to or during 2006).
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Figure 3.7: The distributions of core brightness temperatures for LAT-detected FS-
RQs (top) compared to the distributions of core brightness temperature for non-LAT
FSRQs in VIPS (bottom).
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Figure 3.8: The distributions for jet brightness temperatures for LAT (top) and
non-LAT (bottom) FSRQs.
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Figure 3.9: The distributions of apparent opening angles for BL Lacs (left) and
FSRQs (right) for both the LAT-detected (top) and non-LAT detected (bottom)
sources.
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Figure 3.10: The distribution of core fractional polarization for LAT (top) and non-
LAT (bottom) FSRQs.
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Figure 3.11: Contour maps of sources in Section 3.7. All data were taken with the
VLBA at 5 GHz. Bottom contours are all at 0.6 mJy/beam, except for F02045+1516
which has a bottom contour of 1 mJy/beam. The restoring beam is shown as an
ellipse in the lower left corner.
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Figure 3.11: Contour maps of sources in Section 3.7. All data were taken with the
VLBA at 5 GHz. Bottom contours are all at 0.6 mJy/beam. The restoring beam is
shown as an ellipse in the lower left corner.
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Figure 3.11: Contour maps of sources in Section 3.7. All data were taken with the
VLBA at 5 GHz. Bottom contours are all at 0.6 mJy/beam, except for F13060+7852
and F13213+8310 which have bottom contours of 0.8 mJy/beam. The restoring beam
is shown as an ellipse in the lower left corner.
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Figure 3.12: The percentage of sources found to be polarized in various VLBI samples
including VIPS (observations made prior to or during 2006), VIPS+ (2nd epoch
VIPS observations made contemporaneously with Fermi observations, 2009-2010),
and VIPS++ (contemporaneous observations of additional LAT blazars, 2010). Gray
indicates the sample with no LAT-detected sources, black indicates LAT samples.
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Chapter 4
Gamma-Ray Loudness,
Synchrotron Peak Frequency, and
Parsec-Scale Properties of Blazars
Detected By the Fermi Large
Area Telescope
The contents of this chapter were published in a modified form as Linford, J. D.,
Taylor, G. B., & Schinzel, F. K. 2012, ApJ, 757, 25. Used with permission.
Abstract:
The parsec-scale radio properties of 232 active galactic nuclei (AGNs),
most of which are blazars, detected by the Large Area Telescope (LAT) on
board the Fermi Gamma-ray Space Telescope have been observed contem-
poraneously by the Very Long Baseline Array (VLBA) at 5 GHz. Data
from both the first 11 months (1FGL) and the first 2 years (2FGL) of the
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Fermi mission were used to investigate these sources’ γ-ray properties.
We use the ratio of the γ-ray to radio luminosity as a measure of γ-ray
loudness. We investigate the relationship of several radio properties to γ-
ray loudness and to the synchrotron peak frequency. There is a tentative
correlation between γ-ray loudness and synchrotron peak frequency for BL
Lac objects in both 1FGL and 2FGL, and for flat-spectrum radio quasars
(FSRQs) in 2FGL. We find that the apparent opening angle tentatively
correlates with γ-ray loudness for FSRQs, but only when we use the 2FGL
data. We also find that the total VLBA flux density correlates with the
synchrotron peak frequency for BL Lac objects and FSRQs. The core
brightness temperature also correlates with synchrotron peak frequency,
but only for the BL Lac objects. The low-synchrotron peaked (LSP) BL
Lac object sample shows indications of contamination by FSRQs which
happen to have undetectable emission lines. There is evidence that the
LSP BL Lac objects are more strongly beamed than the rest of the BL Lac
object population.
4.1 Introduction
The Large Area Telescope (LAT; Atwood et al. 2009) on board the Fermi Gamma-
ray Space Telescope is a wide-field telescope covering the energy range from about
20 MeV to more than 300 GeV. It has been scanning the entire γ-ray sky once every
three hours since July of 2008, with breaks for flares and other targets of opportunity.
Many of the sources (685 of 1451) in the Fermi LAT First Source Catalog (1FGL;
Abdo et al. 2010a) have been identified with known radio blazars. These blazars
typically are active galactic nuclei (AGNs) with strong, compact radio sources which
exhibit flat radio spectra, rapid variability, compact cores with one-sided parsec-scale
123
Chapter 4. Gr, ν
S
peak, & Parsec-Scale Properties of LAT Blazars
jets, and superluminal motion in the jets (Marscher 2006). This trend continues in
the newly released Fermi LAT Second Source Catalog (2FGL; Nolan et al. 2012),
compiled using the first two years of LAT data.
In Chapters 2 and 3, we presented findings on the relationships between the LAT-
detected and non-LAT-detected populations of blazars (see also Linford et al. 2011
and Linford et al. 2012). Like other studies, we found a strong correlation between
LAT flux and total VLBA radio flux density. We also found that the LAT and
non-LAT BL Lac objects appeared to be similar in many respects, while the LAT
flat-spectrum radio quasars (FSRQs) were extreme sources when compared to their
non-LAT counterparts. Polarized emission at the base of the jets was also reported
to be significantly more frequent in LAT blazars than in non-LAT blazars.
A major program to monitor the parsec-scale radio (15 GHz) properties of these
γ-ray emitting blazars is the Monitoring Of Jets in AGN with VLBA Experiments
(MOJAVE; Lister et al. 2009a; Homan et al. 2009). The MOJAVE and Fermi LAT
collaborations recently published a paper detailing their investigations of parsec-
scale properties of the γ-ray emitting blazars in their sample (Lister et al. 2011).
They studied the relationships between radio properties and the γ-ray loudness (Gr;
the ratio of γ-ray-to-radio luminosity) and synchrotron peak frequency (νSpeak; the
frequency where the synchrotron emission is at maximum). They reported significant
differences in the Gr distributions between the BL Lac objects and FSRQs. For their
BL Lac objects, they reported strong correlations for Gr-ν
S
peak and Gr-γ-ray photon
spectral index. They also reported a non-linear correlation between apparent jet
opening angle and Gr for their entire sample. Their high-synchrotron peaked (ν
S
peak >
1015 Hz) BL Lac objects tended to have lower core brightness temperatures, linear
core polarization, and variability than the rest of their BL Lac object population.
Here, we have analyzed our recent VLBA 5 GHz data, taken contemporaneously
with LAT observations (see Chapter 3 or Linford et al. 2012), to see if we could
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reproduce the findings of Lister et al. (2011). Our sample was slightly larger than
the one presented in Lister et al. (2011), with 232 sources in our sample compared
to 173 in theirs. We had a larger fraction of BL Lac objects in our sample, and we
also had more non-blazar AGNs (radio galaxies, AGN of unknown type, and one
starburst galaxy). The objects in our sample spanned a larger range of radio flux
densities, as the MOJAVE sample is targeting the brightest AGN and our sample is
radio flux limited. We only had single observations on our sources, as we are not a
monitoring program. This leads to some difficulties in comparing with the MOJAVE
sample, especially in terms of apparent jet opening angle.
Another area that has garnered renewed interest in the Fermi -LAT era is the
unification system for AGN (e.g., Urry & Padovani 1995). Several groups (e.g.,
Nieppola et al. 2008, Ghisellini & Tavecchio 2008, Meyer et al. 2011, and Giommi
et al. 2012b) have been investigating the “blazar sequence” (Fossati et al. 1998,
Ghisellini et al. 1998), the relationship between blazar luminosity and synchrotron
peak frequency. There have been hints (Vermeulen et al. 1995, Ghisellini et al.
2009, Giommi et al. 2012a, Meyer et al. 2011) that the population of BL Lac
objects with low (below 1014 Hz) synchrotron peak frequencies might actually contain
some misidentified FSRQs which happen to have strong emission from their jets
overpowering their emission lines. We investigated the possibility for this kind of
“contamination” in our sample and present our findings here.
In Section 4.2 we define our sample. In Section 4.3 we discuss how we determined
the γ-ray loudness and synchrotron peak frequency for our sources. In Section 4.4 we
present our results and discuss their implications. In Section 4.5, we present evidence
that our LSP BL Lac object sample may have some FSRQs hiding in it. Throughout
this chapter we assume ΛCDM cosmology with H0 = 71 km s
−1 Mpc−1, Ωm = 0.27,
and ΩΛ = 0.73 (e.g., Hinshaw et al. 2009).
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4.2 Sample Definition
The radio observations of our 232 sources were done with the Very Long Baseline
Array (VLBA) at 5 GHz between 2009 November and 2010 July. This was the
sample described in more detail in Chapter 3 and Linford et al. (2012). We included
90 sources that were follow-up observations of sources in the VLBA Imaging and
Polarimetry Survey (VIPS; Helmboldt et al. 2007) as well as new 5 GHz observations
of 7 MOJAVE sources. The VIPS follow-up (or “VIPS+”) sample can be thought of
as radio-selected as the sources were originally observed prior to the launch of Fermi.
The remaining 135 sources (“VIPS++”) can be thought of as γ-ray-selected as they
were specifically targeted due to their presence in 1FGL. Where possible, we used
the optical classifications from the LAT Second Catalog of AGN (2LAC; Ackermann
et al. 2011). If a source was not in 2LAC, we used the classification from the LAT
First Catalog of AGN (1LAC; Abdo et al. 2010b). In general, a source is classified
as a BL Lac object if its strongest optical emission line has an equivalent width
(EW) less than 5 A˚ and the optical spectrum shows a CA II H/K break ratio of less
than 0.4. An object is classified as a FSRQ if it has a flat radio spectrum and its
optical spectrum is dominated by broad (EW > 5 A˚) emission lines. While we do not
suspect widespread misclassification (such a problem would have a serious negative
impact on our results and the results of every other study based on LAT data), we
do present evidence that some objects classified as BL Lac objects may actually be
FSRQs (see Section 5). We should note that many sources classified in 1LAC as
“non-blazar AGN” and “AGN of unknown type” were reclassified as BL Lac objects
or FSRQs in 2LAC. Therefore, the optical classifications for some of our objects are
different than in Chapter 3 or Linford et al. (2012). Our 1FGL sample contained
105 BL Lac objects, 114 FSRQs, and 13 other types of AGNs (radio galaxies, AGNs
of unknown type, and 1 starburst galaxy). Wherever possible, we used the 1LAC
and 2LAC redshifts. If a source did not have a redshift listed in 1LAC or 2LAC, we
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searched the NASA/IPAC Extragalactic Database (NED).
With the release of 2FGL and 2LAC, we also had newer data on several of our
sources. Unfortunately, not all of the sources in 1LAC were present in 2LAC, and
some of our sources were among those dropped. Our 2FGL sample contained 215
objects; 98 BL Lac objects, 108 FSRQs, and 9 AGN/Other. Several 1FGL sources
were dropped in 2FGL. The 2FGL was based on 24 months of observing and some
sources that were in a high-activity state (i.e., flaring) during the 1FGL period later
decreased in brightness below the LAT threshold and their average flux failed to
meet the criteria for inclusion in 2FGL. For further discussion of the 1FGL-2FGL
source comparisons, see Nolan et al. (2012).
While our sample is not statistically complete (i.e., it does not contain all northern
hemisphere sources with a flux density greater than 30 mJy), it is representative of
the LAT-detected blazar population. It covers a wide range in flux density but
is more biased towards relatively weak (S < 1 Jy) radio sources compared to the
sample in Lister et al. (2011). Because of this, we can expect to have fewer sources
with low (< 100) γ-ray loudness (see Section 3.1) than in the sample presented in
Lister at al. (2011). Also, we are likely to have more BL Lac objects in our sample
than other studies with a higher flux density threshold. Our sample also covers a
wide range of luminosities, synchrotron peak frequencies, and γ-ray loudness. As
Lister et al. (2011) discussed, representative samples are appropriate for statistical
investigations and selection biases are not expected to have significant impacts on our
results. Obviously, the statistics of any study would be improved if a truly complete
sample (i.e., simultaneous monitoring of all LAT-detected blazars observable by the
VLBA) existed. However, such a sample would require a prohibitive amount of VLBA
observing time (in fact, it would probably have to be the only project observed for
an entire year) to be practical. Furthermore, a discussion of the biases introduced
by our selection criteria would be, at best, speculation at this time as the complete
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parent sample of LAT sources has yet to be fully characterized. The 2FGL catalog
contains 577 sources with no known radio or optical association, which means we do
not know what 31% of the 2FGL sources are. Also, of the 1121 entries in 2LAC, 270
are “AGN of unknown type”, 11 are simply described as “non-blazar AGN”, and 6
are listed as “unidentified”.
The sample presented in Lister et al. (2011) is the combination of 2 statistically
complete samples: a radio-selected sample and a γ-ray selected sample. While the
two samples on their own are complete, the combination is again representative.
Their sample contains more objects with high (> 1 Jy) flux density than ours, but
they did not have as many sources with low (< 500 mJy) flux density. Our sample
contains more sources (232 versus 173), and in particular more BL Lac objects (105
versus 45), but our sample has fewer FSRQs (114 versus 123).
4.3 Gamma-ray Loudness and Synchrotron Peak
Frequency
4.3.1 Gamma-ray Loudness
We adopted the definition of Lister et al. (2011) for “γ-ray loudness” as the ratio of
the γ-ray luminosity to the radio luminosity. Unlike Lister et al. (2011), we did not
have multiple observations on our sources from which to determine a median radio
luminosity. Instead, we only used a single observation to calculate a luminosity.
Due to the variable nature of these blazars, this may not be the best representation
of the sources’ actual average luminosity. For the γ-ray luminosity, we used the
average fluxes reported in the 1FGL and the 2FGL. The LAT measures γ-ray flux
continuously from 50 MeV to 500 GeV. For publication (e.g., in 1FGL and 2FGL)
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the measurements are later grouped into energy bands in order to provide spectral
information. To obtain total γ-ray fluxes, we combined the fluxes from 3 bands where
the LAT has the highest sensitivity: 100-300 MeV, 300 MeV - 1 GeV, and 1-100 GeV.
The fluxes were added and uncertainties were added in quadrature. However, some
sources had only upper limits to their fluxes in certain bands. If a source’s reported
fluxes in one of the bands were upper limits, we use as the uncertainty 1/2 the
reported flux in that band because the upper limits are given as 2-sigma results
(Abdo et al. 2010a).
To calculate the γ-ray luminosities, we used the same process as Lister et al.
(2011). We calculated the luminosities using data from both 1FGL/1LAC and
2FGL/2LAC, when available. We started with converting energy fluxes using the
equation
S0.1 =
(Γ0 − 1)C1E1F0.1
(Γ0 − 2)
[
1− E1
E2
Γ0−2
]
erg cm−2 s−1, (4.1)
where F0.1 is the LAT flux from 100 MeV to 100 GeV in photons cm
−2 s−1, E1 =
0.1 GeV, E2 = 100 GeV, and C1 = 1.602 × 10−3 erg GeV−1, and Γ0 is the γ-ray
photon spectral index which is set to 2.1 for this calculation. Next, the luminosity
was calculated using the equation
Lγ =
4πD2LS0.1
(1 + z)2−Γ
erg s−1, (4.2)
where DL is the luminosity distance
1 in cm and Γ is the γ-ray photon spectral index
from 1LAC and 2LAC.
We calculated the radio luminosities using the equation
LR =
4πD2LνSν
(1 + z)
erg s−1, (4.3)
1We calculated our DL values using a MATLAB R© adaptation of Ned Wright’s Cos-
moCalc program (Wright 2006).
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where ν is 5 GHz, and Sν is the total VLBA flux density we measured at 5 GHz. We
assumed a flat radio spectrum index (α=0) for the purposes of the k-correction and
luminosity calculations.
The γ-ray loudness is then simply
Gr,1FGL =
Lγ,1FGL
LR
(4.4)
for 1FGL measurements and
Gr,2FGL =
Lγ,2FGL
LR
(4.5)
for 2FGL measurements.
All of our sources were significantly γ-ray loud. For the 1FGL data, the minimum
Gr,1FGL was 545 and the maximum was 187000, with an average value of 19500. For
the 2FGL data, the minimum Gr,2FGL was 404 and the maximum was 95100, with
an average value of 13000. There are 2 possible explanations for this large change
in maximum Gr and the significant change in average Gr: i) the 2FGL data were
averaged over 2 years, so any sources in a high-activity/flaring state in the 11 months
of 1FGL would naturally have lower γ-ray flux when averaged over a longer period of
time, and ii) the 1 - 100 GeV flux was calculated slightly differently for 2FGL than
in 1FGL (Nolan et al. 2012). We plot the 1FGL γ-ray versus radio luminosities in
Figure 4.1. The 2FGL luminosities were very similar to the 1FGL luminosities.
Lister et al. (2011), reported a significant difference between the distributions of
Gr for BL Lac objects and FSRQs. We did not find such a difference in our data.
To examine the likelihood that the BL Lac objects and FSRQs were unrelated, we
used the Kolmogorov-Smirnov (K-S) test2 (e.g., Press et al. 1986). The K-S test
2The K-S test is a useful statistic to determine the likelihood that two distributions
are drawn from the same parent distribution. It is important to remember that K-S test
results are only meaningful in determining if two distributions are different. That is, it
should not be used to confirm that two distributions are similar, only that they are not
drawn from the same parent population.
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returned a 8% probability that the 1FGL BL Lac objects and FSRQs were drawn
from the same parent population. For the 2FGL data, the K-S test result was 18%.
See Figure 4.2 for a plot of the Gr distributions.
4.3.2 Peak Synchrotron Frequency
The frequency at which the synchrotron radiation is at a maximum (νSpeak) is typically
found by making many measurements of the spectrum of a source and fitting a poly-
nomial to these measurements (e.g., Nieppola et al. 2006). Ideally, one would like to
have simultaneous multi-frequency measurements covering as much of the spectrum
as possible. Unfortunately, such large simultaneous data are rarely available. When
possible, we found estimates for νSpeak in the literature (see Table 4.1). It should also
be noted that νSpeak is known to be variable (Rani et al. 2011). Therefore, we made
an effort to use the most recent published data. We were able to find published νSpeak
values for 102 of our sources, more than half of which came from Meyer et al. (2011).
If we could not find a published value of νSpeak, we employed the technique used
in 2LAC. We used the average radio-optical (αRO) and optical-x-ray (αOX) spectral
indices and the formula given in Abdo et al. (2010e).
log(νSpeak) =

 13.85 + 2.30X for X < 0 and Y < 0.313.15 + 6.58Y otherwise (4.6)
Here, X = 0.565−1.433αRO+0.155αOX and Y = 1.0−0.661αRO−0.339αOX . As per
Giommi et al. (2012a), the νSpeak for FSRQs was reduced by 0.5 in log space. Also,
all νSpeak determined using the 2LAC method were expressed in the source rest frame.
For those BL Lac objects without a measured redshift, the median BL Lac object
redshift of 0.27 from the 2LAC was used, but only for the purposes of estimating
νSpeak (i.e., we did not use this redshift to compute the luminosities). We used the
2LAC estimation method to find νSpeak values for 76 of our sources.
131
Chapter 4. Gr, ν
S
peak, & Parsec-Scale Properties of LAT Blazars
If we could not find a published value and the αRO and/or αOX numbers were not
in 2LAC, we used flux measurements from the NASA/IPAC Extragalactic Database
(NED) and fit a quadratic to the data in log(νFν) − log(ν) space. Again, we used
the most recent measurements available. The νSpeak’s found in this way are not as
reliable as the 2LAC method, but they do tend to be reasonably close. To check the
accuracy of the NED-fit method, we made fits for all of our sources. We threw out
any fits that had less than 8 points for fitting and any that were obviously suspicious
(νSpeak,fit < 10
12 Hz and νSpeak,fit > 10
19 Hz), and then compared the remaining values
to the published and 2LAC estimated values. We calculated how close the νSpeak,fit
was by using
∆% =
∣∣νSpeak − νSpeak,fit∣∣
νSpeak
× 100% (4.7)
The mean for ∆% was 6.3%. The median was 3.7%. While this is not ideal, we feel
it shows that the νSpeak,fit’s are still acceptable estimates for those sources without a
better alternative. We were able to obtain νSpeak,fit estimates for 28 of our sources: 18
FSRQs, 8 BL Lac objects, and 2 AGN/other objects. This bring our total number
of sources with νSpeak values to 206.
As per the 1LAC convention, our sources were divided into 3 types based on their
νSpeak: High-synchrotron peaked (HSP, ν
S
peak > 10
15 Hz), Intermediate-synchrotron
peaked (ISP, 1014 Hz< νSpeak < 10
15 Hz), and low-synchrotron peaked (LSP, νSpeak <
1014 Hz). For brevity, we will refer to the HSP BL Lac objects as “HBLs”, ISP BL
Lac objects as “IBLs”, and LSP BL Lac objects as “LBLs”. We had 42 LBLs, 24
IBLs, and 29 HBLs in our sample. We could not get good estimates of νSpeak for the
remaining 11 BL Lac objects. For the FSRQs, 99 were LSP type, and 3 were ISP
type. Notice that we do not have any HSP FSRQs in our sample. We could not get
reliable νSpeak estimates for 12 of our FSRQs.
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4.3.3 Gr − νSpeak Correlation
We applied the Spearman test3 (e.g., Press et al. 1986) to look for correlations
between Gr and ν
S
peak in our data. We found mostly weak or tentative correlations
for our sample. For the 1FGL data, the BL Lac objects had the only significant
correlation with a ρS of 0.46 and a p of 3× 10−4. The FSRQs in the 1FGL data had
a very tentative correlation with a ρS of 0.25 and a p of 0.01. We plot our 1FGL
data in Figure 4.3. While the Spearman test returned a significant correlation for
the 1FGL BL Lac objects, examining the plot by eye shows a large spread in the
data. It should be noted that the Spearman test is somewhat insensitive to outliers.
For the 2FGL data, both the BL Lac objects and the FSRQs showed low-significance
correlations. The 2FGL BL Lac objects had a ρS of 0.40 and a p of 0.003 while the
FSRQs had a ρS of 0.28 and a p of 0.006. We do not plot the 2FGL data.
The 1FGL result tentatively confirms the correlation by Lister et al. (2011) who
found a good correlation for the BL Lac objects, and no correlation for the FSRQs.
However, the low-significance results from the 2FGL data cast some doubt on the
correlation for the BL Lac objects and also call into question whether or not there
is a correlation for the FSRQs. Also, note that in Figure 4.3 we have a handful of
sources with high νSpeak and relatively low Gr. With our large range in both, we do
not suspect a selection effect here. However, Lister et al. (2011) had significantly
fewer HBLs than we had in our sample (17 versus 30), so their result of a strong,
positive correlation may have been caused by a selection effect. It does not seem to
be caused by the fact that they were more biased towards high flux density objects.
We limited our BL Lac object sample to those brighter than 200 mJy and again to
3The nonparametric Spearman test returns a correlation coefficient (ρs), which has a
range of 0 < |ρs| < 1. A high value of |ρs| indicates a significant correlation. The Spearman
test also generates a significance (p). The smaller the value of p, the less likely the chances
of obtaining the same ρs from random sampling. It is important to keep in mind that while
the Spearman test is a powerful test for statistical correlation, it does not test an actual
physical correlation.
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those brighter than 100 mJy, and in both cases our correlations became weaker than
when we used our full sample.
A strong correlation between Gr and ν
S
peak would indicate that the synchrotron
self-Compton (SSC) model for γ-ray emission is more likely. That is, the seed photons
for the inverse Compton scattering to γ-ray frequencies are internal to the source
(i.e., provided by the synchrotron emission) and therefore both the synchrotron and
inverse Compton emission have roughly the same Doppler factors. However, the fact
that we see a lower significance correlation in the 2FGL data indicates that such
a model may not be as accurate as previously thought. The tentative correlation
between Gr,2FGL and ν
S
peak for the FSRQs could indicate that at least some fraction
of their inverse Compton emission is SSC, but their seed photon population may be
enriched by photons external to the synchrotron emitting region (i.e., external inverse
Compton scattering) such as the dusty torus or broad line region (BLR). Again, the
low significance value for the correlation should make one cautious in drawing such
a conclusion.
4.4 Parsec-Scale Properties and Discussion
4.4.1 Total VLBA Flux Density
We found very strong correlations between the total VLBA flux density at 5 GHz and
the synchrotron peak frequency for our BL Lac objects and FSRQs. The Spearman
test result on the BL Lac objects was a ρS of -0.56 and a p of 5× 10−9. The results
for the FSRQs were a ρS of -0.33 and a p of 8 × 10−4. See Figure 4.4 for a plot of
our flux density versus νSpeak. The S5 − νSpeak correlation is expected for the BL Lac
objects and was also seen by Lister et al. (2011). The higher the νSpeak, the lower the
radio flux density is going to be at 5 GHz which will contribute to a higher Gr. The
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FSRQs were not expected to show such a strong correlation. In fact, the correlation
for the FSRQs is not readily apparent upon visual inspection of Figure 4.4. Lister
et al. (2011) reported that their FSRQ sample showed no sign of correlation. It is
possible that, because the MOJAVE program focuses on the brightest AGN, their
sample did not contain enough low flux density objects to show a correlation. In fact,
if we limit our FSRQ sample to those with S5 > 250 mJy (excluding the 22 dimmest
FSRQs with valid νSpeak’s), we no longer see a significant correlation (ρS = −0.04 and
p = 0.72).
4.4.2 Gamma-ray Photon Spectral Index
Lister et al. (2011) reported a significant linear correlation between the γ-ray loud-
ness and γ-ray photon spectral index for their BL Lac objects. We do not see a
strong indication of this in our data. We used both 1FGL and 2FGL data, and only
the 2FGL data showed any hint of this correlation. However, with a ρS of -0.25 and
a p of 0.06, it is still too low a significance to claim a correlation in our sample. See
Figure 4.5 for a plot of the 2FGL γ-ray loudness versus γ-ray photon spectral index.
We should note that while our sample covers a very large range in Gr, we do not
have the low Gr (Gr < 100) objects that Lister et al. (2011) had in their sample. It
is possible that adding these low Gr sources would lead to a strong correlation.
However, we do confirm the correlation between γ-ray luminosity and γ-ray pho-
ton spectral index reported by Ghisellini et al. (2009) and Chen & Bai (2011). For
the 1FGL data, the Spearman test gives a ρS of 0.43 and a p of 2 × 10−9 for the
full sample. The 2FGL data also showed a correlation with a ρS of 0.35 and a p of
3× 10−6. Breaking the sources up by type, only the BL Lac objects show a correla-
tion in either 1FGL (ρS = 0.54, p = 8 × 10−6) or 2FGL (ρS = 0.50, p = 10−4). See
Figure 4.6 for a plot of the 1FGL γ-ray photon spectral index versus γ-ray luminosity
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(the 2FGL plot looks similar and is not shown). Ghisellini et al. (2009) and Chen
& Bai (2011) argue that this correlation indicates that the low-luminosity-low-νSpeak
sources have lower black hole masses than the high-luminosity-high-νSpeak sources.
That is, the black hole mass, not beaming, may be responsible for the observed
properties of low-luminosity LBLs. However, our results from investigating the core
brightness temperature and variability (below) do not support this.
4.4.3 Core Brightness Temperature
We found a correlation between the core brightness temperature and the peak syn-
chrotron frequency for our sources. When we applied the Spearman test to the entire
sample, we found a ρS value of -0.40 and a p of 4×10−9. However, when we broke the
sample up by optical type, only the BL Lac objects showed a significant correlation
(ρS = −0.55, p = 10−8). See Figure 4.7 for a plot of the core brightness temperature
versus νSpeak. High core brightness temperatures are generally associated with large
Doppler factors (e.g., Tingay et al. 2001). Therefore, it would seem that the LBLs
are more strongly beamed than the HBLs. Recall from Section 4.3.3 that the HBLs
also tend to have larger Gr. Combining their high Gr and low core brightness tem-
peratures indicates that the HBLs are probably more efficient at producing γ-rays.
The LBLs, on the other hand, may be seen as γ-ray loud thanks to higher Doppler
factors. Lister et al. (2011) did not report finding a correlation between core bright-
ness temperature and νSpeak, but they did note that their HBLs tended to have lower
core brightness temperatures than the IBLs and LBLs.
4.4.4 Apparent Jet Opening Angle
We measured the mean apparent opening half angle for each source with core-jet
morphology following the procedure described in Taylor et al. (2007). This method
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relies on averaging the apparent opening angles found for each jet component in a
source. That is, the apparent opening angle is measured for several (more than 2)
jet components. The half-opening angle is calculated for each component to be
ψ = arctan[(|y′|+ dr)/|x′|] (4.8)
where x′ and y′ are the positions of the component in a rotated coordinate system
with the x′-axis aligned with the jet axis, and dr is the deconvolved Gaussian size
perpendicular to the jet axis. The final mean opening angle for the source is the av-
erage of all of the opening angles for the individual jet components. Larger apparent
opening angles can result from a source’s jet axis being more closely aligned with the
line of sight and/or from the source having a larger intrinsic jet opening angle.
Lister et al. (2011) reported a non-linear correlation between the opening angle
and the γ-ray loudness. We found a tentative correlation, however only when we
used the 2FGL data. When we performed the Spearman test on all 33 sources with
both a measured opening angle and a 2FGL γ-ray flux (including the radio galaxy
NGC 6251), we found a ρS of 0.57 and a p of 5× 10−4. When we break the sources
up by type, we only see a tentative correlation for the FSRQs (ρS=0.62, p=0.004),
however the sample sizes are very small. We only had 36 objects with opening angle
and Gr measurements in 1FGL, and 33 in 2FGL. The sample in Lister et al. (2011),
on the other hand, contained well over 100 sources. See Figure 4.8 for a plot of
the 2FGL γ-ray loudness versus opening angle. We should also note that Lister et
al. (2011) made their measurements of the apparent opening angle using mean sizes
of jet components over several epochs, not the mean of multiple apparent opening
angles from several components in a single observation as we did. The fact that
MOJAVE is a monitoring program makes it much better suited to investigating the
apparent (and intrinsic) opening angles than our sample.
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4.4.5 Polarization
To measure the polarization properties of our sources, we used the Gaussian mask
method described by Helmboldt et al. (2007). With this method, mask images were
created using the Gaussian fit components in the Stokes I image to define the core
and jet components. We then created mask images using the polarized intensity maps
and mask out any pixels that do not have a signal-to-noise of at least 5 (compared to
the noise image generated by the AIPS task COMB). The two mask types were then
combined (multiplied) and applied to both the Stokes I and polarized intensity maps.
Additionally, in order to be considered “polarized”, a source had to have a polarized
flux of at least 0.3% of the Stokes I peak value (to avoid leakage contamination). See
the previous chapter or Linford et al. (2012) for more discussion on the polarization
properties of our sources.
Lister et al. (2011) reported that the HBLs in their sample tended to have lower
core fractional polarization levels. We also see an indication of this in our sample.
Our Spearman test returned only a very marginal correlation between core fractional
polarization and νSpeak for the BL Lac objects, with a ρS value of -0.25 and a p of 0.04.
However, we do note that the maximum HBL core fractional polarization is definitely
less than the maximum for the IBLs or LBLs. We did not find any correlation between
core fractional polarization and νSpeak for the FSRQs (see Figure 4.9 for a plot).
4.4.6 Radio Variability
It is well known that blazars tend to be highly variable sources. It is believed that this
variability is related to Doppler beaming (e.g., Hovatta et al. 2009) because small
changes in bulk material velocity and/or orientation angle can lead to large changes
in the observed flux. It has also been shown that Doppler beaming can shorten
the apparent timescales of flaring events (e.g., Lister 2001). We used the modulation
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index from the Owens Valley Radio Observatory (OVRO) blazar monitoring program
(Richards et al. 2011) as a measure of our sources’ variability. The modulation index
is the standard deviation of the distribution of source flux densities in time divided
by the mean flux density. Our sample and the OVRO sample had 120 sources in
common. Richards et al. (2011) reported that the FSRQs in their sample tended to
have larger variability than the BL Lac objects. We did not see strong evidence for
this in our sample, but we should note that our sample is considerably smaller than
Richards et al. (2011). However, we did find that the HBLs tend to have relatively
low variability (see Figure 4.10). We also found a tentative correlation between the
modulation index and νSpeak for the both the BL Lac objects and the FSRQs. The
Spearman test results for the BL Lac objects were a ρS of -0.33 and a p of 0.02. This
is another indication that the HBLs may not be as strongly beamed as the LBLs.
Interestingly, the FSRQs showed tentative positive correlation with a ρS of 0.32 and
a p of 0.01. However, it is hard to convince oneself that such a correlation exists for
the FSRQs by examining Figure 4.10.
4.4.7 Favoring 2LAC Estimates of Peak Synchrotron Fre-
quency
As we mentioned in Section 3.2, we opted to use the most recent published values
of νSpeak when available. However, it is likely that there were variations in how those
values were determined in different studies. An alternative to using recent published
values is to use the 2LAC estimation method for as many sources as possible, and
fill in the blanks with published and NED-fit values. While the 2LAC method has
been shown to be a reasonable estimate of νSpeak, it is still an empirical estimate and
does not always agree well with values calculated from fitting the SEDs.
We created a second data set favoring the 2LAC estimates of νSpeak and applied the
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Spearman test again to look for correlation. For this secondary data set, we used the
2LAC estimated νSpeak values for 165 of our sources. We also used 13 published values
and 28 NED-fit values when the 2LAC estimation could not be calculated. In general,
the correlations reported above were still present, but with slightly reduced ρS values
(indicating weaker correlation) and increased p values (indicating less significant
correlation). We did find a handful of significant differences when relying on the
2LAC values. First, the FSRQs do not show any significant correlation for GR and
νSpeak in either 1FGL or 2FGL. Second, we no longer see any significant correlation
between νSpeak and core fractional polarization for the BL Lac objects. Finally, we no
longer see any correlation between νSpeak and the modulation index (variability) for
either BL Lac objects or FSRQs. It should be noted that all the correlations that
disappeared when relying on the 2LAC νSpeak estimates were marginal or tentative
correlations using the published νSpeak values.
4.5 Misidentified BL Lac Objects?
It has recently been argued that some of the low-synchrotron BL Lac objects may
not actually be BL Lac objects (e.g., Ghisellini et al. 2009, Giommi et al. 2012a). In
fact, it is possible that BL Lacertae itself is not actually a BL Lac object (Vermeulen
et al. 1995). The argument made is that some objects classified as LBLs are actually
FSRQs with exceptionally strong jets and the broad line region (BLR) is simply not
visible due to the jet emission overpowering the emission from the BLR (or, more
familiarly, the jet is “swamping” the BLR). The lack of obvious broad lines leads the
astronomical community to mis-classify some sources as BL Lac objects.
To investigate this possibility, we compared the LBLs to the combined HBL+IBL
population and to the FSRQs. We looked at every parameter we had measured, and
found that there are indeed several instances where the LBLs appear to be very
140
Chapter 4. Gr, ν
S
peak, & Parsec-Scale Properties of LAT Blazars
different from the rest of the BL Lac objects and are more like the FSRQs. In
particular, the distributions of the total VLBA radio flux density (see Figure 4.11)
showed significant difference between the LBLs and the rest of the BL Lac objects.
We applied the K-S test to the distributions of total radio flux density and found
that the probability of the LBLs and HBL+IBLs being drawn from the same parent
sample was 6×10−8. The core brightness temperatures for LBLs are also very unlike
the core brightness temperatures of the rest of the BL Lac objects (see Figure 4.12).
The K-S test result for the core brightness temperatures was a probability of 6×10−5
that the LBLs and HBL+IBLs were drawn from the same parent sample.
Interestingly, the K-S tests on the 1FGL and 2FGL γ-ray loudness distributions
seem to indicate that the LBLs are not related to either the IBL+HBL or the FSRQ
populations. The apparent opening angle distributions were the only example where
the LBLs showed strong likelihood of being unlike the FSRQs while not being very
different from the IBL+HBL population. However, this may simply be the result of
low-number statistics.
Lister et al. (2011) found a difference between the core fractional polarization
between the LBLs and HBLs. We do not see any strong evidence for this in our sam-
ple. However, we should note that we do not use lower limits on our “unpolarized”
sources, whereas the MOJAVE group did (T. Hovatta, 2011 private communication).
Recall that we set “unpolarized” sources to have a core fractional polarization of 0%
and we only included sources with non-zero core fractional polarization in our “po-
larized” sample. Therefore, we will naturally have different results than if we had
included lower limits on those sources.
Lister et al. (2011) argued that their Gr − νSpeak correlation for BL Lac objects
indicates that the LBLs and HBLs should belong to the same parent population.
However, we would argue that having some contamination of FSRQs masquerading
as LBLs would not necessarily destroy any statistical correlation. Furthermore, we
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did not find as strong of a Gr − νSpeak correlation for the BL Lac objects in our
data. To test our hypothesis that adding FSRQs to the LBL population would
not destroy a statistical Gr − νSpeak correlation, we created contaminated samples by
deliberately including known LSP FSRQs in our BL Lac object sample. We then used
the Spearman test to look for correlation in the contaminated samples. Using 1FGL
data, we found that after increasing the LBL sample size by 25% with contaminating
LSP FSRQs, the correlation results did not change significantly, and the correlation
is still tentative after increasing the LBL sample size by 50% and 100%. Using 2FGL
data, the correlation becomes tentative after increasing the LBL sample size by 25%,
but it remains a tentative correlation even after increasing the LBL sample size by
50% and 100%. See Table 4.2 for our full results.
While we cannot say for certain that we have some FSRQs masquerading as
LBLs, it does seem likely. Unfortunately, we cannot separate the misidentified BL
Lac objects from the real ones just yet. This will require monitoring these LBLs
and watching for ones that have a drop in jet power leading to detection of a BLR
(Vermeulen et al. 1995).
4.6 Summary and Conclusions
We have analyzed a sample of 232 LAT-detected AGN using both 1FGL and 2FGL
data to compare our results with those of Lister et al. (2011). All of the sources
in our sample are significantly γ-ray loud. We did not find a significant difference
between the distributions of Gr for BL Lac objects and FSRQs. Using 1FGL data,
we find a weak correlation between Gr and ν
S
peak for the BL Lac objects and a
tentative correlation for the FSRQs. Using 2FGL, we found a very tentative Gr-
νSpeak correlation for both FSRQs and BL Lac objects.
Looking at the parsec-scale radio properties of our sources, we find a very strong
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correlation between total VLBA flux density and νSpeak for both BL Lac objects and
FSRQs. We could not confirm the correlation between Gr and the γ-ray photon
index reported by Lister et al. (2011), but we did confirm the correlation between
γ-ray luminosity and γ-ray photon index reported by other groups. We also found
a very strong correlation between the core brightness temperatures and νSpeak for BL
Lac objects. Although we had a limited sample of apparent jet opening angle mea-
surements, we were still able to tentatively confirm the correlation with Gr reported
by Lister et al. (2011). We did not find any evidence of a correlation between core
fractional polarization and νSpeak. We found a tentative negative correlation between
radio variability (modulation index) and νSpeak for the BL Lac objects and a tentative
positive correlation for the FSRQs. The fact that the core brightness temperature
shows a positive correlation with νSpeak and modulation index shows a negative cor-
relation with νSpeak indicates that the LBLs are more strongly beamed than the IBLs
and HBLs.
The LBLs in our sample often appear to be different for the rest of the BL Lac
objects. In particular, we found significant differences in the distributions of core
brightness temperatures and total VLBA flux density. It seems likely, therefore, that
our LBL population contains some misidentified FSRQs which may have their BLR
swamped by their jet emission. While Lister et al. (2011) argued that a Gr-ν
S
peak
correlation for the BL Lac objects indicated that the LBLs were related to the IBLs
and HBLs, we found that deliberately contaminating our LBL sample with known
FSRQs did not change our (albeit weak) correlation significantly.
Future studies of large samples of blazars, which should include of both very
high and low flux density objects, should be conducted to further investigate the
relationships between Gr, ν
S
peak, and the parsec-scale radio properties. Long-term
monitoring of LBLs may also present clear evidence that some of these objects are
actually FSRQs.
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Table 4.1: Source Data
Source Name1 1FGL Name 2FGL Name Alternate Opt.2 SED3 SED4 Gr,1FGL Gr,2FGL Notes
5
Name Type Ref.
F00057+3815 1FGL J0005.7+3815 2FGL J0006.1+3821 B2 0003+38A bzq LSP 2LAC 4675 3412
F00193+2017 1FGL J0019.3+2017 . . . PKS 0017+200 bzb LSP N-06 . . . . . .
F00230+4453 1FGL J0023.0+4453 2FGL J0023.2+4454 B3 0020+446 bzq . . . . . . 41162 15615
F00419+2318 1FGL J0041.9+2318 . . . PKS 0039+230 bzq LSP fit 6226 . . .
F00580+3314 1FGL J0058.0+3314 2FGL J0057.9+3311 CRATES J0058+3311 bzb . . . . . . 33541 13762
F01022+4223 1FGL J0102.2+4223 2FGL J0102.3+4216 CRATES J0102+4214 bzq . . . . . . 29901 18855
F01090+1816 1FGL J0109.0+1816 2FGL J0109.0+1817 CRATES J0109+1816 bzb HSP 2LAC 13338 9149
F01120+2247 1FGL J0112.0+2247 2FGL J0112.1+2245 CGRaBS J0112+2244 bzb LSP M-11 11084 11018 M
F01129+3207 1FGL J0112.9+3207 2FGL J0112.8+3208 4C +31.03 bzq LSP 2LAC 26411 14138 M
F01138+4945 1FGL J0113.8+4945 2FGL J0113.7+4948 CGRaBS J0113+4948 bzq LSP 2LAC 4411 2373
F01144+1327 1FGL J0114.4+1327 2FGL J0114.7+1326 CRATES J0113+1324 bzb . . . . . . 34296 16980 D1,D2
F01370+4751 1FGL J0137.0+4751 2FGL J0136.9+4751 OC 457 bzq LSP M-11 5722 2894 D1
F01446+2703 1FGL J0144.6+2703 2FGL J0144.6+2704 CRATES J0144+2705 bzb LSP 2LAC . . . . . . M
F02035+7234 1FGL J0203.5+7234 2FGL J0203.6+7235 CGRaBS J0203+7232 bzb LSP N-06 . . . . . .
F02045+1516 1FGL J0204.5+1516 2FGL J0205.0+1514 4C +15.05 agn LSP M-11 1324 866
F02053+3217 1FGL J0205.3+3217 2FGL J0205.4+3211 B2 0202+31 bzq LSP 2LAC 4006 1803 M
F02112+1049 1FGL J0211.2+1049 2FGL J0211.2+1050 CGRaBS J0211+1051 bzb ISP 2LAC . . . . . .
F02178+7353 1FGL J0217.8+7353 2FGL J0217.7+7353 1ES 0212+735 bzq LSP M-11 7096 3217 M
F02210+3555 1FGL J0221.0+3555 2FGL J0221.0+3555 B2 0218+35 bzq LSP N-08 14719 11023
F02308+4031 1FGL J0230.8+4031 2FGL J0230.8+4031 B3 0227+403 bzq LSP fit 11845 13164
F02379+2848 1FGL J0237.9+2848 2FGL J0237.8+2846 4C +28.07 bzq LSP M-11 7632 3598
F02386+1637 1FGL J0238.6+1637 2FGL J0238.7+1637 PKS 0235+164 bzb LSP M-11 39868 17005
F02435+7116 1FGL J0243.5+7116 2FGL J0242.9+7118 CRATES J0243+7120 bzb HSP N-06 . . . . . .
F02454+2413 1FGL J0245.4+2413 2FGL J0245.1+2406 B2 0242+23 bzq LSP 2LAC 38503 35651
F02580+2033 1FGL J0258.0+2033 2FGL J0257.9+2025 CRATES J0258+2030 bzb HSP 2LAC . . . . . . C
F03106+3812 1FGL J0310.6+3812 2FGL J0310.7+3813 B3 0307+380 bzq LSP 2LAC 10251 5742
F03197+4130 1FGL J0319.7+4130 2FGL J0319.8+4130 NGC 1275 agn LSP M-11 545 404 M
F03250+3403 1FGL J0325.0+3403 2FGL J0324.8+3408 B2 0321+33B . . . HSP 2LAC 6861 3899
F03259+2219 1FGL J0325.9+2219 2FGL J0326.1+2226 CGRaBS J0325+2224 bzq LSP 2LAC 18438 10045
F03546+8009 1FGL J0354.6+8009 2FGL J0354.1+8010 CRATES J0354+8009 agu LSP 2LAC . . . . . .
F04335+2905 1FGL J0433.5+2905 2FGL J0433.5+2905 CGRaBS J0433+2905 bzb LSP 2LAC . . . . . . M
F04335+3230 1FGL J0433.5+3230 2FGL J0433.7+3233 CRATES J0433+3237 bzq . . . . . . 26569 35011 D2
F04406+2748 1FGL J0440.6+2748 2FGL J0440.9+2749 B2 0437+27B bzb . . . . . . . . . . . .
F04486+112A 1FGL J0448.6+1118 2FGL J0448.9+1121 CRATES J0448+1127 bzq LSP M-11 23877 20659 D1,D2
F04486+112B 1FGL J0448.6+1118 2FGL J0448.9+1121 PKS 0446+11 bzb LSP N-08 6522 5801 D1,D2
Continued on Next Page. . .
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Table 4.1 – Continued
Source Name1 1FGL Name 2FGL Name Alternate Opt.2 SED3 SED4 Gr,1FGL Gr,2FGL Notes
5
Name Type Ref.
F05092+1015 1FGL J0509.2+1015 2FGL J0509.2+1013 PKS 0506+101 bzq . . . . . . 13083 6456
F05100+180A 1FGL J0510.0+1800 2FGL J0509.9+1802 CRATES J0509+1806 agu . . . . . . . . . . . . D1,D2
F05100+180B 1FGL J0510.0+1800 2FGL J0509.9+1802 PKS 0507+17 bzq LSP N-08 4989 5028 D1,D2
F05310+1331 1FGL J0531.0+1331 2FGL J0530.8+1333 PKS 0528+134 bzq LSP M-11 16680 5733 M
F06072+4739 1FGL J0607.2+4739 2FGL J0607.4+4739 CGRaBS J0607+4739 bzb ISP 2LAC . . . . . .
F06127+4120 1FGL J0612.7+4120 2FGL J0612.8+4122 B3 0609+413 bzb . . . . . . . . . . . . M
F06169+5701 1FGL J0616.9+5701 2FGL J0616.9+5701 CRATES J0617+5701 bzb ISP 2LAC . . . . . .
F06254+4440 1FGL J0625.4+4440 2FGL J0625.2+4441 CGRaBS J0625+4440 bzb LSP N-06 . . . . . .
F06399+7325 1FGL J0639.9+7325 . . . CGRaBS J0639+7324 bzq LSP M-11 15294 6293
F06507+2503 1FGL J0650.7+2503 2FGL J0650.7+2505 1ES 0647+250 bzb HSP N-06 37931 33759
F06544+5042 1FGL J0654.4+5042 2FGL J0654.5+5043 CGRaBS J0654+5042 agu LSP 2LAC . . . . . . M
F06543+4514 1FGL J0654.3+4514 2FGL J0654.2+4514 B3 0650+453 bzq LSP 2LAC 51289 21437
F07114+4731 1FGL J0711.4+4731 2FGL J0710.8+4733 B3 0707+476 bzb ISP M-11 8555 5361
F07127+5033 1FGL J0712.7+5033 2FGL J0712.9+5032 CGRaBS J0712+5033 bzb LSP 2LAC . . . . . .
F07193+3306 1FGL J0719.3+3306 2FGL J0719.3+3306 B2 0716+33 bzq LSP M-11 14239 11954 M
F07219+7120 1FGL J0721.9+7120 2FGL J0721.9+7120 CGRaBS J0721+7120 bzb ISP M-11 6111 6947 M
F07253+1431 1FGL J0725.3+1431 2FGL J0725.3+1426 4C +14.23 bzq LSP 2LAC 6305 14005
F07382+1741 1FGL J0738.2+1741 2FGL J0738.0+1742 PKS 0735+178 bzb LSP M-11 3995 4161 M
J07426+5444 1FGL J0742.2+5443 2FGL J0742.6+5442 CRATES J0742+5444 bzq LSP 2LAC 22776 16690
J07464+2549 1FGL J0746.6+2548 2FGL J0746.6+2549 B2 0743+25 bzq LSP 2LAC 32807 29470
F07506+1235 1FGL J0750.6+1235 2FGL J0750.6+1230 PKS 0748+126 bzq LSP M-11 1087 1058 M
J07530+5352 1FGL J0752.8+5353 2FGL J0753.0+5352 4C +54.15 bzb LSP 2LAC 2524 1522
J08053+6144 1FGL J0806.2+6148 2FGL J0805.5+6145 CGRaBS J0805+6144 bzq LSP 2LAC 23584 22464
J08096+3455 1FGL J0809.4+3455 . . . B2 0806+35 bzb . . . . . . 6568 . . .
J08098+5218 1FGL J0809.5+5219 2FGL J0809.8+5218 CRATES J0809+5218 bzb HSP M-11 16425 8916
J08146+6431 1FGL J0815.0+6434 2FGL J0814.7+6429 CGRaBS J0814+6431 bzb ISP 2LAC . . . . . .
J08163+5739 1FGL J0816.7+5739 2FGL J0816.5+5739 BZB J0816+5739 bzb HSP M-11 . . . . . .
J08182+4222 1FGL J0818.2+4222 2FGL J0818.2+4223 B3 0814+425 bzb LSP M-11 4287 3029 M
J08247+5552 1FGL J0825.0+5555 2FGL J0824.9+5552 OJ 535 bzq LSP 2LAC 13192 6045
J08308+2410 1FGL J0830.5+2407 2FGL J0830.5+2407 OJ 248 bzq LSP M-11 7625 4792 M
J08338+4224 1FGL J0834.4+4221 2FGL J0834.3+4221 B3 0830+425 bzq . . . . . . 6741 3237
F08422+7054 1FGL J0842.2+7054 2FGL J0841.6+7052 4C +71.07 bzq LSP M-11 14357 12236 M
F08499+4852 1FGL J0849.9+4852 2FGL J0849.8+4852 CRATES J0850+4854 agu ISP 2LAC . . . . . .
J08548+2006 1FGL J0854.8+2006 2FGL J0854.8+2005 OJ 287 bzb LSP M-11 1574 1041 M
J08566+2057 1FGL J0856.6+2103 . . . CRATES J0850+2057 bzq . . . . . . 56614 . . . D1
J08569+2111 1FGL J0856.6+2103 . . . OJ 290 bzq LSP fit 16425 . . . D1
Continued on Next Page. . .
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Table 4.1 – Continued
Source Name1 1FGL Name 2FGL Name Alternate Opt.2 SED3 SED4 Gr,1FGL Gr,2FGL Notes
5
Name Type Ref.
F09055+1356 1FGL J0905.5+1356 2FGL J0905.6+1357 CRATES J0905+1358 agu . . . . . . . . . . . .
J09106+3329 1FGL J0910.7+3332 2FGL J0910.6+3329 Ton 1015 bzb HSP N-06 10457 5898
J09121+4126 1FGL J0912.3+4127 2FGL J0912.1+4126 B3 0908+416B bzq LSP 2LAC 25612 20286
J09158+2933 1FGL J0915.7+2931 2FGL J0915.8+2932 B2 0912+29 bzb HSP M-11 . . . . . .
J09209+4441 1FGL J0920.9+4441 2FGL J0920.9+4441 B3 0917+449 bzq LSP A-11 42956 19211 M
J09216+6215 1FGL J0919.6+6216 2FGL J0921.9+6216 OK 630 bzq LSP M-11 4340 2528
J09235+4125 1FGL J0923.2+4121 2FGL J0923.2+4125 B3 0920+416 agn LSP fit 7086 3410
J09238+2815 1FGL J0924.2+2812 2FGL J0924.0+2819 B2 0920+28 bzq LSP fit 4228 3076
J09292+5013 1FGL J0929.4+5000 2FGL J0929.5+5009 CRATES J0929+5013 bzb LSP M-11 2503 1761
J09341+3926 1FGL J0934.5+3929 2FGL J0934.7+3932 CGRaBS J0934+3926 bzb LSP fit 8100 5579
J09372+5008 1FGL J0937.7+5005 2FGL J0937.6+5009 CGRaBS J0937+5008 bzq LSP 2LAC 9429 3135
J09418+2728 1FGL J0941.2+2722 2FGL J0941.4+2724 CGRaBS J0941+2728 bzq LSP fit 10411 6734 D2
F09456+5754 1FGL J0945.6+5754 2FGL J0945.9+5751 CRATES J0945+5757 bzb LSP fit 20374 13578
F09466+1012 1FGL J0946.6+1012 2FGL J0946.5+1015 CRATES J0946+1017 bzq ISP fit 12803 11436
J09496+1752 1FGL J0949.8+1757 . . . CRATES J0949+1752 bzq . . . . . . 8191 . . . D1
F09498+1757 1FGL J0949.8+1757 . . . CRATES J0950+1804 agu LSP fit 45589 . . . D1
F09565+6938 1FGL J0956.5+6938 2FGL J0955.9+6936 M 82 sbg ISP 2LAC 104237 54147
J09568+2515 1FGL J0956.9+2513 2FGL J0956.9+2516 B2 0954+25A bzq LSP M-11 3690 2897
J09576+5522 1FGL J0957.7+5523 2FGL J0957.7+5522 4C +55.17 bzq LSP M-11 14326 8662 M
F10001+6539 1FGL J1000.1+6539 . . . CGRaBS J0958+6533 bzb LSP A-11 1247 . . . M
F10127+2440 1FGL J1012.7+2440 2FGL J1012.6+2440 CRATES J1012+2439 bzq ISP 0FGL 118387 94741 M
J10150+4926 1FGL J1015.1+4927 2FGL J1015.1+4925 1ES 1011+496 bzb ISP M-11 14129 8908 M
J10330+4116 1FGL J1033.2+4116 2FGL J1033.2+4117 B3 1030+415 bzq LSP M-11 2693 2370
J10338+6051 1FGL J1033.8+6048 2FGL J1033.9+6050 CGRaBS J1033+6051 bzq LSP 2LAC 38586 37310
F10377+5711 1FGL J1037.7+5711 2FGL J1037.6+5712 CRATES J1037+5711 bzb LSP M-11 . . . . . . M
J10431+2408 1FGL J1043.1+2404 2FGL J1043.1+2404 B2 1040+24A bzb LSP N-08 1455 1435
F10487+8054 1FGL J1048.7+8054 . . . CGRaBS J1044+8054 bzq LSP N-08 14738 . . .
F10485+7239 1FGL J1048.5+7239 2FGL J1049.7+7240 CRATES J1047+7238 agu . . . . . . . . . . . .
F10488+7145 1FGL J1048.8+7145 2FGL J1048.3+7144 CGRaBS J1048+7143 bzq LSP 2LAC 5867 4236
J10586+5628 1FGL J1058.6+5628 2FGL J1058.6+5628 CGRaBS J1058+5628 bzb HSP N-06 15262 10747 M
J11044+3812 1FGL J1104.4+3812 2FGL J1104.4+3812 Mkn 421 bzb HSP M-11 25649 24131 M
J11061+2812 1FGL J1106.5+2809 2FGL J1106.1+2814 CRATES J1106+2812 agu LSP 2LAC 13858 5629
J11126+3446 1FGL J1112.8+3444 2FGL J1112.4+3450 CRATES J1112+3446 bzq ISP fit 31922 25768
F11171+2013 1FGL J1117.1+2013 2FGL J1117.2+2013 CRATES J1117+2014 bzb HSP 2LAC 12285 15630
J11240+2336 1FGL J1123.9+2339 2FGL J1124.2+2338 OM 235 bzb LSP fit . . . . . .
F11366+7009 1FGL J1136.6+7009 2FGL J1136.7+7009 Mkn 180 bzb HSP M-11 3793 2143
Continued on Next Page. . .
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Table 4.1 – Continued
Source Name1 1FGL Name 2FGL Name Alternate Opt.2 SED3 SED4 Gr,1FGL Gr,2FGL Notes
5
Name Type Ref.
J11421+1547 1FGL J1141.8+1549 2FGL J1141.9+1550 CRATES J1142+1547 agu LSP fit . . . . . .
J11469+3958 1FGL J1146.8+4004 2FGL J1146.9+4000 B2 1144+40 bzq LSP fit 8904 6644
J11503+2417 1FGL J1150.2+2419 2FGL J1150.1+2419 B2 1147+24 bzb LSP M-11 2323 1345
J11514+5859 1FGL J1151.6+5857 2FGL J1151.5+5857 CRATES J1151+5859 bzb HSP M-11 . . . . . .
J11540+6022 1FGL J1152.1+6027 2FGL J1154.4+6019 CRATES J1154+6022 . . . LSP M-11 . . . . . .
J11595+2914 1FGL J1159.4+2914 2FGL J1159.5+2914 4C +29.45 bzq LSP M-11 7871 6459 M
J12030+6031 1FGL J1202.9+6032 2FGL J1203.2+6030 CRATES J1203+6031 agn ISP 2LAC 12362 6094
J12089+5441 1FGL J1209.3+5444 2FGL J1208.8+5441 CRATES J1208+5441 bzq LSP fit 28188 23684
J12093+4119 1FGL J1209.4+4119 2FGL J1209.6+4121 B3 1206+416 bzb ISP N-06 8644 2661
J12098+1810 1FGL J1209.7+1806 2FGL J1209.7+1807 CRATES J1209+1810 bzq LSP fit 12218 13096
J12178+3007 1FGL J1217.7+3007 . . . B2 1215+30 bzb HSP M-11 13652 . . . M
F12215+7106 1FGL J1221.5+7106 2FGL J1219.2+7107 CRATES J1220+7105 bzq . . . . . . 3189 2413
J12201+3431 1FGL J1220.2+3432 . . . CGRaBS J1220+3431 bzb ISP N-06 5198 . . .
J12215+2813 1FGL J1221.5+2814 2FGL J1221.4+2814 W Com bzb LSP M-11 10627 7027 M
F12248+8044 1FGL J1224.8+8044 2FGL J1223.9+8043 CRATES J1223+8040 bzb ISP N-06 . . . . . .
J12248+4335 1FGL J1225.8+4336 2FGL J1225.0+4335 B3 1222+438 agu LSP fit 25354 7824 D1,D2
J12249+2122 1FGL J1224.7+2121 2FGL J1224.9+2122 4C +21.35 bzq LSP M-11 6612 40266 M
J12269+4340 1FGL J1225.8+4336 2FGL J1225.0+4335 B3 1224+439 bzq ISP fit 120486 33357 D1,D2
J12302+2518 1FGL J1230.4+2520 2FGL J1230.2+2517 ON 246 bzb ISP N-06 5782 4484
F12316+2850 1FGL J1231.6+2850 2FGL J1231.7+2848 B2 1229+29 bzb HSP 2LAC 14203 12907
F12431+3627 1FGL J1243.1+3627 2FGL J1243.1+3627 B2 1240+36 bzb HSP M-11 26724 16535
J12483+5820 1FGL J1248.2+5820 2FGL J1248.2+5820 CGRaBS J1248+5820 bzb HSP N-06 41029 15463 M
J12531+5301 1FGL J1253.0+5301 2FGL J1253.1+5302 CRATES J1253+5301 bzb ISP N-06 . . . . . .
J12579+3229 1FGL J1258.3+3227 2FGL J1258.2+3231 B2 1255+32 bzq LSP 2LAC 4721 4833
J13030+2433 1FGL J1303.0+2433 2FGL J1303.1+2435 CRATES J1303+2433 bzb LSP fit 25134 13368 M
F13060+7852 1FGL J1306.0+7852 2FGL J1305.7+7854 CRATES J1305+7854 agu . . . . . . . . . . . .
J13083+3546 1FGL J1308.5+3550 2FGL J1308.5+3547 CGRaBS J1308+3546 bzq LSP 2LAC 13335 5903
F13092+1156 1FGL J1309.2+1156 2FGL J1309.3+1154 4C +12.46 bzb LSP N-06 . . . . . .
J13104+3220 1FGL J1310.6+3222 2FGL J1310.6+3222 B2 1308+32 bzq LSP M-11 10684 4824 M
J13127+4828 1FGL J1312.4+4827 2FGL J1312.8+4828 CGRaBS J1312+4828 bzq LSP 2LAC 31078 75540
J13147+2348 1FGL J1314.7+2346 2FGL J1314.6+2348 CRATES J1314+2348 bzb HSP N-06 . . . . . .
J13176+3425 1FGL J1317.8+3425 2FGL J1317.9+3426 B2 1315+34A bzq LSP 2LAC 8214 3038
J13211+2216 1FGL J1321.1+2214 . . . CGRaBS J1321+2216 bzq LSP fit 11720 . . .
F13213+8310 1FGL J1321.3+8310 2FGL J1322.6+8313 CRATES J1321+8316 agu . . . . . . 13852 8286
J13270+2210 1FGL J1326.6+2213 2FGL J1326.8+2210 B2 1324+22 bzq LSP M-11 6870 6316
J13307+5202 1FGL J1331.0+5202 . . . CGRaBS J1330+5202 agn LSP fit 24849 . . .
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Table 4.1 – Continued
Source Name1 1FGL Name 2FGL Name Alternate Opt.2 SED3 SED4 Gr,1FGL Gr,2FGL Notes
5
Name Type Ref.
J13327+4722 1FGL J1332.9+4728 2FGL J1332.7+4725 B3 1330+476 bzq LSP 2LAC 9111 5082
J13338+5057 1FGL J1333.2+5056 2FGL J1333.5+5058 CLASS J1333+5057 agu LSP 2LAC 186614 79197
J13455+4452 1FGL J1345.4+4453 2FGL J1345.4+4453 B3 1343+451 bzq LSP 2LAC 41634 34870
J13508+3034 1FGL J1351.0+3035 2FGL J1350.8+3035 B2 1348+30B bzq LSP 2LAC 4955 5533 D2
F13533+1434 1FGL J1353.3+1434 2FGL J1353.3+1435 PKS 1350+148 bzb LSP 2LAC . . . . . .
F13581+7646 1FGL J1358.1+7646 2FGL J1358.1+7644 CGRaBS J1357+7643 bzq LSP 2LAC 11881 5137
J13590+5544 1FGL J1359.1+5539 2FGL J1359.4+5541 CRATES J1359+5544 bzq LSP fit 42718 22483
J14270+2348 1FGL J1426.9+2347 2FGL J1427.0+2347 PKS 1424+240 bzb HSP N-06 . . . . . . M
J14340+4203 1FGL J1433.9+4204 2FGL J1433.8+4205 B3 1432+422 bzq LSP fit 20675 12034
J14366+2321 1FGL J1436.9+2314 2FGL J1436.9+2319 PKS 1434+235 bzq LSP 2LAC 4730 6099
J14388+3710 1FGL J1438.7+3711 2FGL J1438.7+3712 B2 1436+37B bzq LSP 2LAC 24552 20208 D1,D2
F14387+3711 1FGL J1438.7+3711 2FGL J1438.7+3712 CRATES J1439+3712 bzq LSP 2LAC 96541 81893 D1,D2
F14438+2457 1FGL J1443.8+2457 2FGL J1444.1+2500 PKS 1441+25 bzq LSP 2LAC 6285 5206
J14509+5201 1FGL J1451.0+5204 . . . CLASS J1450+5201 bzb . . . . . . . . . . . .
J14544+5124 1FGL J1454.6+5125 2FGL J1454.4+5123 CRATES J1454+5124 bzb ISP 2LAC 59853 32796
F15044+1029 1FGL J1504.4+1029 2FGL J1504.3+1029 PKS 1502+106 bzq LSP M-11 150686 64921 M
J15061+3730 1FGL J1505.8+3725 2FGL J1506.0+3729 B2 1504+37 bzq LSP fit 4451 2347
J15169+1932 1FGL J1516.9+1928 2FGL J1516.9+1925 PKS 1514+197 bzb LSP M-11 5431 3624 M
F15197+4216 1FGL J1519.7+4216 2FGL J1520.9+4209 B3 1518+423 bzq . . . . . . 37320 20583
J15221+3144 1FGL J1522.1+3143 2FGL J1522.1+3144 B2 1520+31 bzq LSP 2LAC 132237 95093 M
J15396+2744 1FGL J1539.7+2747 2FGL J1539.5+2747 CGRaBS J1539+2744 bzq LSP 2LAC 12644 8504
J15429+6129 1FGL J1542.9+6129 2FGL J1542.9+6129 CRATES J1542+6129 bzb ISP M-11 . . . . . . M
F15534+1255 1FGL J1553.4+1255 2FGL J1553.5+1255 PKS 1551+130 bzq LSP fit 21961 7577 M
F15557+1111 1FGL J1555.7+1111 2FGL J1555.7+1111 PG 1553+113 bzb HSP N-06 22277 17485 M
J16046+5714 1FGL J1604.3+5710 2FGL J1604.6+5710 CGRaBS J1604+5714 bzq LSP 2LAC 13645 10693
J16071+1551 1FGL J1607.1+1552 2FGL J1607.0+1552 4C +15.54 agn LSP M-11 6887 5501
F16090+1031 1FGL J1609.0+1031 2FGL J1608.5+1029 4C +10.45 bzq LSP M-11 8528 5523
J16136+3412 1FGL J1613.5+3411 2FGL J1613.4+3409 B2 1611+34 bzq LSP M-11 907 591 M
J16160+4632 1FGL J1616.1+4637 . . . CRATES J1616+4632 bzq LSP fit 61224 . . .
F16302+5220 1FGL J1630.2+5220 2FGL J1630.4+5218 CRATES J1630+5221 bzb ISP 2LAC . . . . . .
F16354+8228 1FGL J1635.4+8228 2FGL J1629.4+8236 NGC 6251 agn LSP M-11 2942 983
J16377+4717 1FGL J1637.9+4707 2FGL J1637.7+4714 4C +47.44 bzq LSP M-11 5891 5219
F16410+1143 1FGL J1641.0+1143 2FGL J1641.0+1141 CRATES J1640+1144 agn . . . . . . 17669 7987
J16475+4950 1FGL J1647.4+4948 2FGL J1647.5+4950 CGRaBS J1647+4950 agn ISP 2LAC 8867 8153
J16568+6012 1FGL J1656.9+6017 2FGL J1656.5+6012 CRATES J1656+6012 bzq LSP 2LAC 3957 3412
F17001+6830 1FGL J1700.1+6830 2FGL J1700.2+6831 CGRaBS J1700+6830 bzq LSP 2LAC 8789 11526 M
Continued on Next Page. . .
148
C
h
a
p
ter
4
.
G
r ,
ν
Spea
k ,
&
P
a
rsec-S
ca
le
P
ro
p
erties
o
f
L
A
T
B
la
za
rs
Table 4.1 – Continued
Source Name1 1FGL Name 2FGL Name Alternate Opt.2 SED3 SED4 Gr,1FGL Gr,2FGL Notes
5
Name Type Ref.
J17096+4318 1FGL J1709.6+4320 2FGL J1709.7+4319 B3 1708+433 bzq LSP 2LAC 31268 27091
F17192+1745 1FGL J1719.2+1745 2FGL J1719.3+1744 PKS 1717+177 bzb LSP M-11 3062 1129 M
F17225+1012 1FGL J1722.5+1012 2FGL J1722.7+1013 CRATES J1722+1013 bzq LSP 2LAC 12070 7465
J17240+4004 1FGL J1724.0+4002 2FGL J1724.0+4003 B2 1722+40 agn LSP N-06 12010 9989
F17250+1151 1FGL J1725.0+1151 2FGL J1725.0+1151 CGRaBS J1725+1152 bzb HSP N-06 32112 27437 M
J17274+4530 1FGL J1727.3+4525 2FGL J1727.1+4531 B3 1726+455 bzq LSP M-11 3774 4284 M
J17283+5013 1FGL J1727.9+5010 2FGL J1728.2+5015 I Zw187 bzb HSP M-11 8874 4417
F17308+3716 1FGL J1730.8+3716 2FGL J1731.3+3718 CRATES J1730+3714 bzb ISP 2LAC . . . . . .
J17343+3857 1FGL J1734.4+3859 2FGL J1734.3+3858 B2 1732+38A bzq LSP 2LAC 10666 5878 M
J17425+5945 1FGL J1742.1+5947 2FGL J1742.1+5948 CRATES J1742+5945 bzb ISP M-11 . . . . . .
F17442+1934 1FGL J1744.2+1934 2FGL J1744.1+1934 1ES 1741+196 bzb HSP N-06 4098 2228
F17485+7004 1FGL J1748.5+7004 2FGL J1748.8+7006 CGRaBS J1748+7005 bzb LSP M-11 3660 2589
J17490+4321 1FGL J1749.0+4323 2FGL J1749.1+4323 B3 1747+433 bzb LSP M-11 . . . . . .
F17566+5524 1FGL J1756.6+5524 . . . CRATES J1757+5523 agn LSP fit 28753 13989 D1
F18004+7827 1FGL J1800.4+7827 2FGL J1800.5+7829 CGRaBS J1800+7828 bzb LSP M-11 2119 2160 M
F18070+6945 1FGL J1807.0+6945 2FGL J1806.7+6948 3C 371 bzb ISP M-11 2720 1674 M
F18096+2908 1FGL J1809.6+2908 2FGL J1809.7+2909 CRATES J1809+2910 bzb . . . . . . . . . . . .
F18134+3141 1FGL J1813.4+3141 2FGL J1813.5+3143 B2 1811+31 bzb HSP N-06 15967 10872
F18240+5651 1FGL J1824.0+5651 2FGL J1824.0+5650 4C +56.27 bzb LSP M-11 5013 4875 M
F18485+3224 1FGL J1848.5+3224 2FGL J1848.5+3216 B2 1846+32A bzq LSP 2LAC 21979 21036 M
F18493+6705 1FGL J1849.3+6705 2FGL J1849.4+6706 CGRaBS J1849+6705 bzq LSP A-11 13397 5139 M
F18525+4853 1FGL J1852.5+4853 2FGL J1852.5+4856 CGRaBS J1852+4855 bzq LSP 2LAC 16991 11696
F19030+5539 1FGL J1903.0+5539 2FGL J1903.3+5539 CRATES J1903+5540 bzb ISP N-06 . . . . . . M
F19416+7214 1FGL J1941.6+7214 2FGL J1941.6+7218 CRATES J1941+7221 agu . . . . . . . . . . . .
F20000+6508 1FGL J2000.0+6508 2FGL J2000.0+6509 1ES 1959+650 bzb HSP N-06 14530 10334 M
F20019+7040 1FGL J2001.9+7040 2FGL J2001.7+7042 CRATES J2001+7040 agu LSP 2LAC . . . . . .
F20060+7751 1FGL J2006.0+7751 2FGL J2004.5+7754 CGRaBS J2005+7752 bzb LSP M-11 3248 1172
F20091+7228 1FGL J2009.1+7228 2FGL J2009.7+7225 4C +72.28 bzb LSP N-06 . . . . . .
F20204+7608 1FGL J2020.4+7608 2FGL J2022.5+7614 CGRaBS J2022+7611 bzb ISP N-06 . . . . . .
F20315+1219 1FGL J2031.5+1219 2FGL J2031.7+1223 PKS 2029+121 bzb LSP 2LAC 5603 2629 M
F20354+1100 1FGL J2035.4+1100 2FGL J2035.4+1058 PKS 2032+107 bzq LSP N-06 12343 7609
F20497+1003 1FGL J2049.7+1003 2FGL J2049.8+1001 PKS 2047+098 agu . . . . . . . . . . . . D1
F21155+2937 1FGL J2115.5+2937 2FGL J2115.3+2932 B2 2113+29 bzq LSP 2LAC 8184 4537
F21161+3338 1FGL J2116.1+3338 2FGL J2116.2+3339 B2 2114+33 bzb ISP 2LAC . . . . . .
F21209+1901 1FGL J2120.9+1901 2FGL J2121.0+1901 OX 131 bzq LSP 2LAC 20415 14131
F21434+1742 1FGL J2143.4+1742 2FGL J2143.5+1743 OX 169 bzq LSP M-11 13782 10365 M
Continued on Next Page. . .
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Table 4.1 – Continued
Source Name1 1FGL Name 2FGL Name Alternate Opt.2 SED3 SED4 Gr,1FGL Gr,2FGL Notes
5
Name Type Ref.
F21525+1734 1FGL J2152.5+1734 2FGL J2152.4+1735 PKS 2149+17 bzb LSP N-06 3435 3951
F21574+3129 1FGL J2157.4+3129 2FGL J2157.4+3129 B2 2155+31 bzq LSP 2LAC 17937 16558
F22035+1726 1FGL J2203.5+1726 2FGL J2203.4+1726 PKS 2201+171 bzq LSP M-11 15029 10498 M
F22121+2358 1FGL J2212.1+2358 2FGL J2211.9+2355 PKS 2209+236 bzq LSP 2LAC 2230 1340
F22171+2423 1FGL J2217.1+2423 2FGL J2217.1+2422 B2 2214+24B bzb LSP 2LAC 5967 3161
F22193+1804 1FGL J2219.3+1804 2FGL J2219.1+1805 CGRaBS J2219+1806 bzq . . . . . . 20104 7251
F22362+2828 1FGL J2236.2+2828 2FGL J2236.4+2828 B2 2234+28A bzq LSP M-11 5173 2914 M
F22440+2021 1FGL J2244.0+2021 2FGL J2243.9+2021 CRATES J2243+2021 bzb HSP 2LAC . . . . . . M
F22501+3825 1FGL J2250.1+3825 2FGL J2250.0+3825 B3 2247+381 bzb HSP N-06 18920 13435
F22517+4030 1FGL J2251.7+4030 2FGL J2251.9+4032 CRATES J2251+4030 bzb . . . . . . . . . . . .
F22539+1608 1FGL J2253.9+1608 2FGL J2253.9+1609 3C 454.3 bzq LSP M-11 12137 15731 M
F23073+1452 1FGL J2307.3+1452 2FGL J2308.0+1457 CGRaBS J2307+1450 bzb LSP fit 30212 40301
F23110+3425 1FGL J2311.0+3425 2FGL J2311.0+3425 B2 2308+34 bzq LSP 2LAC 12526 12080
F23220+3208 1FGL J2322.0+3208 2FGL J2322.2+3206 B2 2319+31 bzq LSP 2LAC 10989 4821
F23216+2726 1FGL J2321.6+2726 2FGL J2321.0+2737 4C +27.50 bzq LSP 2LAC 5914 2546
F23226+3435 1FGL J2322.6+3435 2FGL J2322.6+3435 CRATES J2322+3436 bzb HSP N-06 52497 13883
F23252+3957 1FGL J2325.2+3957 2FGL J2325.3+3957 B3 2322+396 bzb HSP N-06 . . . . . .
1If source name starts with ’J’ it is a VIPS or pre-1FGL MOJAVE source; if source name starts with ’F’ it is a source
targeted specifically for its presence in 1FGL
2Optical Type from 2LAC/1LAC: bzb = BL Lac object, bzq = FSRQ, agn = non-blazar AGN, agu = AGN of uncertain
type, sbg = starburst galaxy
3SED type: LSP=low-synchrotron peaked, ISP=intermediate-synchrotron peaked, HSP=high-synchrotron peaked
4Reference for SED type: 0FGL = Abdo et al. 2010e, N-06 = Nieppola et a. 2006, N-08 = Nieppola et al. 2008, A-11
= Aatrokoski et al. 2011, M-11 = Meyer et al. 2011, 2LAC = estimated using technique in Ackermann et al. 2011, fit =
log-parabolic fit to NED data
5Notes: M = MOJAVE source that was included in Lister et al. (2011); D1 = a LAT source which is associated with
multiple radio sources with high (≥80%) probability in 1LAC; D2 = a LAT source which is associated with multiple radio
sources with high (≥80%) probability in 2LAC; C = a 2FGL source that is considered to be potentially confused with galactic
diffuse emission
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Table 4.2: BL Lac Object Gr − νSpeak Correlations
LAT BL Lac Spearman Spearman
data Sample ρS p
1FGL Original BL Lac Object Sample (27 LBLs) 0.46 0.0003
Adding 7 LSP FSRQs 0.42 0.0005
Adding 14 LSP FSRQs 0.37 0.001
Adding 27 LSP FSRQs 0.30 0.005
Adding 54 LSP FSRQs 0.17 0.07
Adding all 96 LSP FSRQs 0.14 0.08
2FGL Original BL Lac Object Sample (26 LBLs) 0.40 0.003
Adding 7 LSP FSRQs 0.30 0.02
Adding 13 LSP FSRQs 0.30 0.01
Adding 26 LSP FSRQs 0.25 0.02
Adding 52 LSP FSRQs 0.13 0.2
Adding all 91 LSP FSRQs 0.12 0.2
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Figure 4.1: 1FGL γ-ray luminosity versus total VLBA luminosity at 5 GHz. Black
squares indicate BL Lac objects, blue triangles are FSRQs, and red circles are
AGN/other. Unfilled symbols are used for sources in VIPS+ and filled symbols
are used for sources in VIPS++ (see Section 4.2). The dashed green line indi-
cates a 1:1 luminosity ratio; any source above this line is considered γ-ray loud.
The “other”-type source in the lower left is the starburst galaxy M82. The 2FGL
luminosity-luminosity plot is very similar.
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Figure 4.2: Distributions of γ-ray to radio luminosity ratio for BL Lac objects (top),
FSRQs (middle), and AGN/other (bottom). The gray bars are for 1FGL data and
the dashed lines are for 2FGL data.
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Figure 4.3: 1FGL γ-ray to radio luminosity ratio versus synchrotron peak frequency.
Unfilled symbols are used for sources in VIPS+ and filled symbols are used for sources
in VIPS++ (see Section 4.2). The dashed lines indicate the divisions between low-,
intermediate-, and high-synchrotron peaked objects. The LSP “other”-type object
with low Gr is the radio galaxy NGC 1275. The ISP “other”-type object with the
relatively high Gr is the starburst galaxy M82. The plot for Gr,2FGL versus ν
S
peak is
very similar.
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Figure 4.4: Total VLBA flux density at 5 GHz versus synchrotron peak frequency.
Unfilled symbols are used for sources in VIPS+ and filled symbols are used for sources
in VIPS++ (see Section 4.2). The dashed lines indicate the divisions between low-,
intermediate-, and high-synchrotron peaked objects. The LSP “other”-type object
with the high flux density is the radio galaxy NGC 1275. The ISP “other”-type
object with the low flux density is the starburst galaxy M82.
155
Chapter 4. Gr, ν
S
peak, & Parsec-Scale Properties of LAT Blazars
1.5 2 2.5 32.5
3
3.5
4
4.5
5
5.5
BL Lac
FSRQ
Other
2FGL γ−ray photon spectral index
Lo
g(G
r,
2F
G
L)
Figure 4.5: γ-ray loudness versus γ-ray photon spectral index (all data from 2FGL).
Unfilled symbols are used for sources in VIPS+ and filled symbols are used for sources
in VIPS++ (see Section 4.2). The “other”-type object with low Gr and a photon
spectral index of about 2 is the radio galaxy NGC 1275.
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Figure 4.6: γ-ray photon spectral index versus γ-ray luminosity (all data from 1FGL).
Unfilled symbols are used for sources in VIPS+ and filled symbols are used for sources
in VIPS++ (see Section 4.2). The “other”-type object on the extreme left is the
starburst galaxy M82.
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Figure 4.7: Core brightness temperature versus synchrotron peak frequency. Unfilled
symbols are used for sources in VIPS+ and filled symbols are used for sources in
VIPS++ (see Section 4.2). The dashed lines indicate the divisions between low-,
intermediate-, and high-synchrotron peaked objects. The “other”-type object with
the highest core TB is the radio galaxy NGC 1275 (located in the LSP area). The
starburst galaxy M82 is the ISP “other”-type object with the lower core TB.
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Figure 4.8: 2FGL γ-ray to radio luminosity ratio versus apparent jet opening angle.
Unfilled symbols are used for sources in VIPS+ and filled symbols are used for sources
in VIPS++ (see Section 4.2). The lone “other”-type object is the radio galaxy NGC
6251. The 1FGL data did not show a correlation.
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Figure 4.9: 5 GHz core fractional polarization versus synchrotron peak frequency.
Unfilled symbols are used for sources in VIPS+ and filled symbols are used for
sources in VIPS++ (see Section 4.2). The dashed lines indicate the divisions between
low-, intermediate-, and high-synchrotron peaked objects. The lone “other”-type
object is the source F03250+3403, which has an uncertain classification: NED lists
it as a Seyfert 1, 1LAC called it a non-blazar AGN, and 2LAC listed its type as
“unidentified”.
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Figure 4.10: Modulation index from Richards et al. (2011) versus synchrotron peak
frequency. Unfilled symbols are used for sources in VIPS+ and filled symbols are
used for sources in VIPS++ (see Section 4.2). The dashed lines indicate the divisions
between low-, intermediate-, and high-synchrotron peaked objects. The radio galax-
ies NGC 6251 and NGC 1275 are the LSP “other”-type sources with νSpeak values
near 12.8 and 13.5, respectively.
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Figure 4.11: Distributions of total VLBA flux density at 5GHz for the combined HSP
and ISP BL Lac objects (top), LSP BL Lac objects (middle), and FSRQs (bottom).
We have omitted one FSRQ with a flux density of 11.2 Jy.
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Figure 4.12: Distributions of core brightness temperatures for the combined HSP
and ISP BL Lac objects (top), LSP BL Lac objects (middle), and FSRQs (bottom).
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Multifrequency and Polarization
Properties of LAT-Detected
Blazars
5.1 Introduction
In early 2012, we used the VLBA to observe 24 LAT sources known to be polarized
at 5 GHz. See Table 5.1 for a list of the sources observed for this project. We
observed at three frequencies each (X-, Ku-, and K-bands), all with full polarization.
The observations were made in 12-hour blocks on February 27, March 12, March
25, and April 22 under the NRAO project code BL180. These observations took
advantage of the VLBA’s new 2-gigabit-per-second observing mode. Each frequency
tuning had 8 intermediate frequencies (IFs), and each IF had 32 MHz of bandwidth,
giving us 256 MHz of total bandwidth per polarization. The X-band IFs ranged
from 8.128 GHz to 8.576 GHz; the Ku-band IFs ranged from 14.928 GHz to 15.376
GHz; and the K-band IFs ranged from 22.028 GHz to 22.476 GHz. Each source
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was observed at least 8 times in 12 hours. The goal of this project is to investigate
the polarization properties of these bright blazars. In this chapter, we present some
preliminary results from this research.
5.2 Is J09576+5522 a Compact Symmetric Ob-
ject?
Compact symmetric objects (CSOs) are thought to be young AGN with short jets
which are just beginning to expand into their surrounding environment (e.g., Read-
head et al. 1996; Taylor et al. 1996). They typically have little variability. The
prototypical CSO morphology is a flat-spectrum core plus two steep-spectrum jets.
The core of an AGN should have a flat spectral index due to the object being opti-
cally thick in that region. The jets, on the other hand, should be optically thin and
therefore have a steeper spectral index.
The object J09576+5522 is formally classified as a FSRQ (1LAC, 2LAC). Mc-
Conville et al. (2011) claim that J09576+5522 (a.k.a. 4C +55.17) displays many
characteristics of a CSO. In particular, they note its lack of variability. They also
argue that it has a bi-lobed jet structure, especially at 5 GHz, based on re-imaged
data from VIPS. See Figure 5.1 for a 5 GHz image of J09576+5522, with arrows
indicating where McConville et al. (2011) claim the core is located, and where we
(Linford et al. 2011) claim it is located. If J09576+5522 were to be confirmed as a
CSO, this would be the only known CSO detected by the LAT.
We observed J09576+5522 as part of our polarized LAT source campaign. Our
Stokes I maps of this source for each of the three observed frequencies are shown in
Figure 5.2. Note that the brightest component in all three images is the point that
we contend is the core. Also note that the jets fade away with increasing frequency,
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indicating a steeper spectrum in those areas.
Using the Stokes I maps from the X and Ku bands, we have constructed a spectral
index map of this object. From the spectral index map (Figure 5.3), it is obvious
that the point that we claim to be the core has a relatively flat spectral index. This
is confirmation that it is indeed the core. There is no evidence for a flat-spectrum
core in the location indicated by McConville et al. (2011). Therefore, J09576+5522
is definitely not a CSO.
Unfortunately, the low flux density of J09576+5013 (peaking at only 44 mJy in
the X-band image) makes it difficult to create detailed rotation measure maps for this
source. See Figure 5.4 for the RM map we were able to make. This map was made
with the AIPS task RM using polarization angle maps from X-, Ku-, and K-bands
with matching resolutions and restoring beams set to 1.4 milliarcseconds. In using
the RM task, we blanked all areas where the input polarization angle error maps
(generated with the AIPS task COMB) had a value larger than 15 degrees. Also,
after creating the RM map, we blanked areas where the X-band image was below
3-times the off-source rms noise of 0.273 mJy/beam. Notice that the area we define
as the core has relatively high RM values, but the highest RM values are found at
the end of the jet.
5.3 Rotation Measure Map of the BL Lac Object
J09292+5013
The object J09292+5013 is discussed in detail in both Chapter 2 and Chapter 3. In
1FGL, it had no official classification (1FGL J0929.4+5000). We noted that it was
associated with a BL Lac object in 1LAC, but with low probability (67%). After 2
years of LAT observations of the γ-ray sky, the association for this object became
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mush better. In 2LAC, the lowest probability for association between the LAT source
(2FGL J09292.5+5009) with J09292+5013 is 88%.
We again used the AIPS task RM to make our rotation measure map of this
source. We used matched-resolution images in all 3 bands with restoring beams of
1.4 milliarcseconds. This source had better signal to noise, so we blanked at a level
of 5 degrees in the polarization angle noise maps. The full map is shown in Figure
5.5. In Figure 5.6, we zoom in on the source and also show some slices of the RM
map.
5.4 Future Work
We intend to study the polarization properties of all sources observed for this project
(see Table 5.1). We also intend to use the recently developed technique of rotation
measure synthesis (Brentjens & de Bruyn 2005). It will also be interesting to compare
our results to those presented in Hovatta et al. (2012), which was a study of the
polarization properties of 191 MOJAVE sources observed 12 times each in 2006. Of
the 24 sources observed for this project, 7 were also studied by Hovatta et al. (2012).
This will give us the opportunity to compare results and also to compare the quality
of data prior to and after the 2 gigabit-per-second upgrade to the VLBA.
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Table 5.1: Polarized LAT Sources
Source Name Alternate Source Name 1FGL Name 2FGL Name RA DEC Opt. Type
F02112+1049 CGRaBS J0211+1051 1FGL J0211.2+1049 2FGL J0211.2+1050 02:11:13.181 +10:51:34.81 bzb
F05310+1331 PKS 0528+134 1FGL J0531.0+1331 2FGL J0530.8+1333 05:30:56.419 +13:31:55.09 bzq
F07219+7120 CGRaBS J0721+7120 1FGL J0721.9+7120 2FGL J0721.9+7120 07:21:53.450 +71:20:36.38 bzb
F07253+1431 4C +14.23 1FGL J0725.3+1431 2FGL J0725.3+1431 07:25:16.810 +14:25:13.69 bzq
J07464+2549 B2 0743+25 1FGL J0746.6+2548 2FGL J0746.6+2549 07:46:25.8753 +25:49:02.146 bzq
J07530+5352 4C +54.15 1FGL J0752.8+5353 2FGL J0753.0+5352 07:53:01.3847 +53:52:59.636 bzb
J08247+5552 OJ 535 1FGL J0825.0+5555 2FGL J0824.9+5552 08:24:47.2364 +55:52:42.662 bzq
F08422+7054 4C +71.07 1FGL J0842.2+7054 2FGL J0841.6+7052 08:41:24.360 +70:53:42.22 bzq
J08569+2111 OJ 290 1FGL J0856.6+2103 . . . 08:56:57.2424 +21:11:43.640 bzq
J09292+5013 CRATES J0929+5013 1FGL J0929.4+5000 2FGL J0929.5+5009 09:29:15.4401 +50:13:35.982 bzb
J09568+2515 B2 0954+25A 1FGL J0956.9+2513 2FGL J0956.9+2516 09:56:49.8747 +25:15:16.047 bzq
J09576+5522 4C +55.17 1FGL J0957.7+5523 2FGL J0957.7+5522 09:57:38.1837 +55:22:57.740 bzq
F10001+6539 CGRaBS J0958+6533 1FGL J1000.1+6539 . . . 09:58:47.251 +65:33:54.79 bzb
J10431+2408 B2 1040+24A 1FGL J1043.1+2404 2FGL J1043.1+2404 10:43:09.0347 +24:08:35.430 bzb
J12249+2122 4C +21.35 1FGL J1224.7+2121 2FGL J1224.9+2122 12:24:54.4600 +21:22:46.438 bzq
J14366+2321 PKS 1434+235 1FGL J1436.9+2314 2FGL J1436.9+2319 14:36:40.9873 +23:21:03.297 bzq
F15534+1255 PKS 1551+130 1FGL J1553.4+1255 2FGL J1553.5+1255 15:53:32.700 +12:56:51.68 bzq
J16046+5714 CGRaBS J1604+5714 1FGL J1604.3+5710 2FGL J1604.6+5710 16:04:37.3568 +57:14:36.668 bzq
J17343+3857 B2 1732+38A 1FGL J1734.4+3859 2FGL J1734.3+2858 17:34:20.5821 +38:57:51.446 bzq
J17490+4321 B3 1747+433 1FGL J1749.0+4323 2FGL J1749.1+4323 17:49:00.3604 +43:21:51.287 bzb
F18004+7827 CGRaBS J1800+7828 1FGL J1800.4+7827 2FGL J1800.5+7829 18:00:45.679 +78:28:04.01 bzb
F18240+5651 4C +56.27 1FGL J1824.0+5651 2FGL J1824.0+5650 18:24:07.070 +56:51:01.51 bzb
F22171+2423 B2 2214+24B 1FGL J2217.1+2423 2FGL J2217.1+2422 22:17:00.830 +24:21:46.01 bzb
F23216+2726 4C +27.50 1FGL J2321.6+2726 2FGL J2321.0+2737 23:21:59.861 +27:32:46.39 bzq
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Figure 5.1: 5 GHz image of J09576+5522. Labels indicate components which differ-
ent researchers call the “core”. The original image is from Linford et al. (2011). It
also represents the same data that were re-imaged for McConville et al. (2011). The
dark gray ellipse in the lower-left corner represents the restoring beam.
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Figure 5.2: Stokes I maps of J09576+5522. All maps have contour levels starting at 1 mJy and increasing by factors
of
√
2. Maps are made to matching resolution with a restoring beam of 1.4 milliarcseconds. The axes are pixel
positions.
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Figure 5.3: Left: Spectral index map of J09576+5522, using X- and Ku-band Stokes
I maps. The contours are from the X-band Stokes I map, with lowest contour at 1
mJy and subsequent contours increasing by factors of
√
2. Upper-right: Slice through
spectral index map running N-S (vertically) through the core, corresponding to the
magenta dashed line in the left-hand map. Lower-right: Slice through spectral index
map running E-W (horizontally) through the core, corresponding to the blue dashed
line in the left-hand map. The arrows in the right-hand plots indicate the location
of the core.
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Figure 5.4: Rotation measure map of J09576+5522. The contours are from the X-
band Stokes I map, with a restoring beam of 1.4 milliarcseconds. Note that the
observed RM is related to the intrinsic RM by a factor of (1+ z)−2. The most recent
redshift for this source is 0.899 (2LAC), so the intrinsic RM values are the observed
values multiplied by a factor of 3.6.
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Figure 5.5: Rotation measure map of J09292+5013. Note that the observed RM is
related to the intrinsic RM by a factor of (1+ z)−2. The most recent redshift for this
source is 0.37 (Abazajian et al. 2005), so the intrinsic RM values are the observed
values multiplied by a factor of 1.8769.
173
Chapter 5. Multifrequency and Polarization Properties of LAT Blazars
 
 
50 100 150 200
50
100
150
200 1000
1200
1400
1600
1800
2000
20 40 60 80
−1500
−1000
−500
0
500
1000
1500
2000
Pixel (vertical)
R
M
 (r
ad
ian
s/m
2 )
100 120 140 160 180
1400
1500
1600
1700
1800
1900
2000
Pixel (horizontal)
R
M
 (r
ad
ian
s/m
2 )
Figure 5.6: Left: Close-up of J09292+5013 RM map. Upper-right: Slice through the
RM map running N-S (vertically) through the core, corresponding to the magenta
dashed line in the left-hand map. The magenta background indicate the uncertainty
in RM. Lower-right: Slice through the RM map running E-W (horizontally) through
the core, corresponding to the cyan dashed line in the left-hand map. The cyan
background indicates the uncertainty in RM. The gray bars at the bottoms of the
two right-hand plots indicate the size of the restoring beam. Note that the observed
RM is related to the intrinsic RM by a factor of (1 + z)−2. The most recent redshift
for this source is 0.37 (Abazajian et al. 2005), so the intrinsic RM values are the
observed values multiplied by a factor of 1.8769.
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Conclusions
Using archival data (i.e., observations made prior to the launch of Fermi) to compare
the radio properties of LAT and non-LAT detected blazars allowed us to see hints of
differences between the two populations. In particular, the LAT and non-LAT BL
Lac objects did not appear to be very different. This apparent similarity led us to
suspect that all BL Lac objects are producing γ-rays, but some are not detected due
to either LAT thresholds or source variability. The LAT FSRQs, on the other hand,
seemed to be extreme examples of the FSRQ population. The LAT FSRQs tended to
have high core brightness temperatures, high flux density, and large opening angles.
The archival data also showed that LAT blazars are more likely to have significant
core polarization than non-LAT blazars.
Contemporaneous radio observations of LAT blazars extended our understanding
of the relationships explored using the archival data. Once again, the LAT BL Lac
objects did not appear to be different from the non-LAT BL Lac objects, and the
LAT FSRQs were extreme examples of the FSRQ population. Comparing archival
and contemporaneous observations showed that LAT blazars tend to have higher core
fractional polarization levels during LAT detection, although we cannot determine
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if the objects would have been detected by LAT had it been in operation during the
archival observations. Still, core fractional polarization seems to be an indicator of
γ-ray emission. This leads us to theorize that strong, uniform magnetic fields are
somehow closely tied to the γ-ray production.
Investigating the relationships pc-scale radio properties and γ-ray properties led
to some interesting results. The low synchrotron peaked BL Lac objects appear to
be more strongly beamed than the high synchrotron peak BL Lac objects. We also
found evidence that there may be FSRQs masquerading as low synchrotron peak
BL Lac objects. Such phantom BL Lacs could be the result of strong jet emission
swamping out the broad line region of the FSRQs, leading to a misidentification.
6.1 Constraints on Physical Models
Our results show significant differences between the BL Lac objects and FSRQs
detected by Fermi. The FSRQs appear to be extreme sources and are highly beamed.
The FSRQs are also limited to a small range of synchrotron peak frequency. The BL
Lac objects, on the other hand, show a wide range of synchrotron peak frequency,
with the LBLs having showing signs of stronger beaming. These results agree well
with the accretion rate model proposed by Ghisellini & Tavecchio (2008), and refined
by Meyer et al. (2011). In particular, Meyer et al. (2011) show that the accretion
rate-based definition of BL Lac objects and FSRQs allows for some FSRQs to be
misidentified as BL Lac objects. This can occur when the FSRQ accretion rate is
low enough for the broadline region to drop closer to the central engine and become
obscured by the jet emission.
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6.2 Future Work
There is not yet a radio sample of LAT-detected that includes all northern or southern
hemisphere sources in 1FGL or 2FGL. All current studies are done with representa-
tive samples. To truly get reliable statistics, it is necessary to create a sample that
contains as many LAT-detected AGNs as possible (i.e., all LAT-detected AGNs with
a declination above 0 degrees).
Also, recall that most BL Lac objects seem to be detected by LAT. To understand
the differences between the LAT and non-LAT BL Lac objects, we need a larger
sample of the non-LAT BL Lac objects. Ideally, the non-LAT sample should contain
at least as many sources as the LAT sample. Until recently, such a sample would
have seemed unrealistic due to the fact that BL Lac objects tend to have low flux
densities, so many of them may not be observable by current instruments. However,
advances in receiver technology in the past two-three years have provided the VLBA
with improved sensitivity. Ideally, this would be accomplished with an all-sky “blind”
survey with a single dish (e.g., the Robert C. Byrd Green Bank telescope) or high-
sensitivity interferometer (e.g., the Karl G. Janksy Very Large Array) with VLBI
and optical follow-up to confirm BL Lac objects. Then, one would take advantage
of the new DIFX correlator’s ability to observe multiple sources in a single pointing
via multiple phase centers during correlation. Observing hundreds of non-LAT BL
Lac objects may still be unfeasible, but it should be possible to at least increase the
sample size compared to what is available now. However, if many of the non-LAT
BL Lac objects are significantly weaker in the radio than the LAT BL Lac objects,
then comparing the two may not be justified.
The study of flares in LAT-detected AGNs also promises to improve our under-
standing of the γ-ray production regime. Such transient events can help us to obtain
better limits on both the physical size of the γ-ray emitting regions, and the locations
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of these regions with respect to the central engine.
Further study of the pc-scale polarization properties of the LAT blazars should
also expand our knowledge of the γ-ray production mechanism. We have a sample of
24 sources which had significant core polarization at 5 GHz. We used the newly avail-
able 2-gigabit-per-second mode of the VLAB to make observations of these sources at
8.4, 15, and 22 GHz. We are in the process of calibrating and analyzing this data, and
intend to use rotation measure synthesis techniques to investigate the polarization
properties of these sources.
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Appendix A
VIPS+ & VIPS++ Source
Locations
The following table contains the Right Ascension (RA) and Declination (DEC) in-
formation for all sources observed as part of this dissertation. The RA and DEC
positions were originally included in the source table in Linford et al. (2012), and
were meant to be included in Table 3.1. However, formatting issues in the UNM
LATEX template did not allow the necessary space. I have also added the associated
2FGL source names, which were not included in the original version of the source
table in Linford et al. (2012).
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Table A.1: VIPS+ & VIPS++ Source Locations
Source 1FGL 2FGL Alt. RA DEC
Name Name Name Name
F00057+3815 1FGL J0005.7+3815 2FGL J0006.1+3821 B2 0003+38A 00:05:57.180 38:20:15.18
F00193+2017 1FGL J0019.3+2017 . . . PKS 0017+200 00:19:37.850 20:21:45.61
F00230+4453 1FGL J0023.0+4453 2FGL J0023.2+4454 B3 0020+446 00:23:35.441 44:56:35.81
F00419+2318 1FGL J0041.9+2318 . . . PKS 0039+230 00:42:04.550 23:20:01.21
F00580+3314 1FGL J0058.0+3314 2FGL J0057.9+3311 CRATES J0058+3311 00:58:32.071 33:11:17.20
F01022+4223 1FGL J0102.2+4223 2FGL J0102.3+4216 CRATES J0102+4214 01:02:27.151 42:14:19.00
F01090+1816 1FGL J0109.0+1816 2FGL J0109.0+1817 CRATES J0109+1816 01:09:08.179 18:16:07.50
F01120+2247 1FGL J0112.0+2247 2FGL J0112.1+2245 CGRaBS J0112+2244 01:12:05.820 22:44:38.80
F01129+3207 1FGL J0112.9+3207 2FGL J0112.8+3208 4C +31.03 01:12:50.330 32:08:17.59
F01138+4945 1FGL J0113.8+4945 2FGL J0113.7+4948 CGRaBS J0113+4948 01:13:27.010 49:48:24.08
F01144+1327 1FGL J0114.4+1327 2FGL J0114.7+1326 CRATES J0113+1324 01:13:54.511 13:24:52.49
F01370+4751 1FGL J0137.0+4751 2FGL J0136.9+4751 OC 457 01:36:58.591 47:51:29.09
F01446+2703 1FGL J0144.6+2703 2FGL J0144.6+2704 CRATES J0144+2705 01:44:33.559 27:05:03.08
F02035+7234 1FGL J0203.5+7234 2FGL J0203.6+7235 CGRaBS J0203+7232 02:03:33.389 72:32:53.70
F02045+1516 1FGL J0204.5+1516 2FGL J0205.0+1514 4C +15.05 02:04:50.410 15:14:11.00
F02053+3217 1FGL J0205.3+3217 2FGL J0205.4+3211 B2 0202+31 02:05:04.930 32:12:30.10
F02112+1049 1FGL J0211.2+1049 2FGL J0211.2+1050 CGRaBS J0211+1051 02:11:13.181 10:51:34.81
F02178+7353 1FGL J0217.8+7353 2FGL J0217.7+7353 1ES 0212+735 02:17:30.821 73:49:32.59
F02210+3555 1FGL J0221.0+3555 2FGL J0221.0+3555 B2 0218+35 02:21:05.470 35:56:13.70
F02308+4031 1FGL J0230.8+4031 2FGL J0230.8+4031 B3 0227+403 02:30:45.710 40:32:53.09
F02379+2848 1FGL J0237.9+2848 2FGL J0237.8+2846 4C +28.07 02:37:52.411 28:48:09.00
F02386+1637 1FGL J0238.6+1637 2FGL J0238.7+1637 PKS 0235+164 02:38:38.930 16:36:59.29
F02435+7116 1FGL J0243.5+7116 2FGL J0242.9+7118 CRATES J0243+7120 02:43:30.890 71:20:17.88
F02454+2413 1FGL J0245.4+2413 2FGL J0245.1+2406 B2 0242+23 02:45:16.860 24:05:35.20
F02580+2033 1FGL J0258.0+2033 2FGL J0257.9+2033 CRATES J0258+2030 02:58:07.310 20:30:01.58
F03106+3812 1FGL J0310.6+3812 2FGL J0310.7+3813 B3 0307+380 03:10:49.879 38:14:53.81
F03197+4130 1FGL J0319.7+4130 2FGL J0319.8+4130 NGC 1275 03:19:48.161 41:30:42.12
F03250+3403 1FGL J0325.0+3403 2FGL J0324.8+3408 B2 0321+33B 03:24:41.160 34:10:45.80
F03259+2219 1FGL J0325.9+2219 2FGL J0326.1+2226 CGRaBS J0325+2224 03:25:36.809 22:24:00.40
F03546+8009 1FGL J0354.6+8009 2FGL J0354.1+8010 CRATES J0354+8009 03:54:46.130 80:09:28.80
F04335+2905 1FGL J0433.5+2905 2FGL J0433.5+2905 CGRaBS J0433+2905 04:33:37.829 29:05:55.50
F04335+3230 1FGL J0433.5+3230 2FGL J0433.7+3233 CRATES J0433+3237 04:33:40.690 32:37:12.00
F04406+2748 1FGL J0440.6+2748 2FGL J0440.9+2749 B2 0437+27B 04:40:50.369 27:50:46.79
F04486+112A 1FGL J0448.6+1118 2FGL J0448.9+1121 CRATES J0448+1127 04:48:50.410 11:27:28.58
F04486+112B 1FGL J0448.6+1118 2FGL J0448.9+1121 PKS 0446+11 04:49:07.670 11:21:28.58
F05092+1015 1FGL J0509.2+1015 2FGL J0509.2+1013 PKS 0506+101 05:09:27.461 10:11:44.59
F05100+180A 1FGL J0510.0+1800 2FGL J0509.9+1802 CRATES J0509+1806 09:42.9 18:06:30.31
F05100+180B 1FGL J0510.0+1800 2FGL J0509.9+1802 PKS 0507+17 05:10:02.369 18:00:41.58
F05310+1331 1FGL J0531.0+1331 2FGL J0530.8+1333 PKS 0528+134 05:30:56.419 13:31:55.09
F06072+4739 1FGL J0607.2+4739 2FGL J0607.4+4739 CGRaBS J0607+4739 06:07:23.249 47:39:47.02
F06127+4120 1FGL J0612.7+4120 2FGL J0612.8+4122 B3 0609+413 06:12:51.190 41:22:37.42
F06169+5701 1FGL J0616.9+5701 2FGL J0616.9+5701 CRATES J0617+5701 06:17:16.920 57:01:16.39
F06254+4440 1FGL J0625.4+4440 2FGL J0625.2+4441 CGRaBS J0625+4440 06:25:18.259 44:40:01.60
F06399+7325 1FGL J0639.9+7325 . . . CGRaBS J0639+7324 06:39:21.960 73:24:58.00
F06507+2503 1FGL J0650.7+2503 2FGL J0650.7+2505 1ES 0647+250 06:50:46.490 25:02:59.60
F06544+5042 1FGL J0654.4+5042 2FGL J0654.5+5043 CGRaBS J0654+5042 06:54:22.090 50:42:23.90
F06543+4514 1FGL J0654.3+4514 2FGL J0654.2+4514 B3 0650+453 06:54:23.710 45:14:23.50
F07114+4731 1FGL J0711.4+4731 2FGL J0710.8+4733 B3 0707+476 07:10:46.111 47:32:11.11
F07127+5033 1FGL J0712.7+5033 2FGL J0712.9+5032 CGRaBS J0712+5033 07:12:43.639 50:33:22.68
F07193+3306 1FGL J0719.3+3306 2FGL J0719.3+3306 B2 0716+33 07:19:19.421 33:07:09.70
F07219+7120 1FGL J0721.9+7120 2FGL J0721.9+7120 CGRaBS J0721+7120 07:21:53.450 71:20:36.38
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F07253+1431 1FGL J0725.3+1431 2FGL J0725.3+1431 4C +14.23 07:25:16.810 14:25:13.69
F07382+1741 1FGL J0738.2+1741 2FGL J0738.0+1742 PKS 0735+178 07:38:07.390 17:42:19.01
J07426+5444 1FGL J0742.2+5443 2FGL J0742.6+5442 CRATES J0742+5444 07:42:39.7904 54:44:24.679
J07464+2549 1FGL J0746.6+2548 2FGL J0746.6+2549 B2 0743+25 07:46:25.8753 25:49:02.146
F07506+1235 1FGL J0750.6+1235 2FGL J0750.6+1230 PKS 0748+126 07:50:52.051 12:31:04.80
J07530+5352 1FGL J0752.8+5353 2FGL J0753.0+5352 4C +54.15 07:53:01.3847 53:52:59.636
J08053+6144 1FGL J0806.2+6148 2FGL J0805.5+6145 CGRaBS J0805+6144 08:05:18.1778 61:44:23.704
J08096+3455 1FGL J0809.4+3455 . . . B2 0806+35 08:09:38.8868 34:55:37.248
J08098+5218 1FGL J0809.5+5219 2FGL J0809.8+5218 CRATES J0809+5218 08:09:49.1899 52:18:58.252
J08146+6431 1FGL J0815.0+6434 2FGL J0814.7+6429 CGRaBS J0814+6431 08:14:39.1912 64:31:22.04
J08163+5739 1FGL J0816.7+5739 2FGL J0816.5+5739 BZB J0816+5739 08:16:23.8223 57:39:09.509
J08182+4222 1FGL J0818.2+4222 2FGL J0818.2+4223 B3 0814+425 08:18:15.9995 42:22:45.408
J08247+5552 1FGL J0825.0+5555 2FGL J0824.9+5552 OJ 535 08:24:47.2364 55:52:42.662
J08308+2410 1FGL J0830.5+2407 2FGL J0830.5+2407 OJ 248 08:30:52.0855 24:10:59.818
J08338+4224 1FGL J0834.4+4221 2FGL J0834.3+4221 B3 0830+425 08:33:53.8852 42:24:01.859
F08422+7054 1FGL J0842.2+7054 2FGL J0841.6+7052 4C +71.07 08:41:24.360 70:53:42.22
F08499+4852 1FGL J0849.9+4852 2FGL J0849.8+4852 CRATES J0850+4854 08:50:00.530 48:54:52.60
J08548+2006 1FGL J0854.8+2006 2FGL J0854.4+2005 OJ 287 08:54:48.8741 20:06:30.639
J08566+2057 1FGL J0856.6+2103 . . . CRATES J0850+2057 08:56:39.7398 20:57:43.426
J08569+2111 1FGL J0856.6+2103 . . . OJ 290 08:56:57.2424 21:11:43.64
F09055+1356 1FGL J0905.5+1356 2FGL J0905.6+1357 CRATES J0905+1358 09:05:34.990 13:58:06.31
J09106+3329 1FGL J0910.7+3332 2FGL J0910.6+3329 Ton 1015 09:10:37.0354 33:29:24.418
J09121+4126 1FGL J0912.3+4127 2FGL J0912.1+4126 B3 0908+416B 09:12:11.6174 41:26:09.356
J09158+2933 1FGL J0915.7+2931 2FGL J0915.8+2932 B2 0912+29 09:15:52.4014 29:33:23.982
J09209+4441 1FGL J0920.9+4441 2FGL J0920.9+4441 B3 0917+449 09:20:58.4599 44:41:53.988
J09216+6215 1FGL J0919.6+6216 2FGL J0921.9+6216 OK 630 09:21:36.2322 62:15:52.185
J09235+4125 1FGL J0923.2+4121 2FGL J0923.2+4125 B3 0920+416 09:23:31.3037 41:25:27.429
J09238+2815 1FGL J0924.2+2812 2FGL J0924.0+2819 B2 0920+28 09:23:51.522 28:15:24.966
J09292+5013 1FGL J0929.4+5000 2FGL J0929.5+5009 CRATES J0929+5013 09:29:15.4401 50:13:35.982
J09341+3926 1FGL J0934.5+3929 2FGL J0934.7+3932 CGRaBS J0934+3926 09:34:06.674 39:26:32.125
J09372+5008 1FGL J0937.7+5005 2FGL J0937.6+5009 CGRaBS J0937+5008 09:37:12.3257 50:08:52.082
J09418+2728 1FGL J0941.2+2722 2FGL J0941.4+2724 CGRaBS J0941+2728 09:41:48.1135 27:28:38.818
F09456+5754 1FGL J0945.6+5754 2FGL J0945.9+5751 CRATES J0945+5757 09:45:42.240 57:57:47.70
F09466+1012 1FGL J0946.6+1012 2FGL J0946.5+1012 CRATES J0946+1017 09:46:35.071 10:17:06.11
J09496+1752 1FGL J0949.8+1757 . . . CRATES J0949+1752 09:49:39.7634 17:52:49.432
F09498+1757 1FGL J0949.8+1757 . . . CRATES J0950+1804 09:50:00.310 18:04:18.70
F09565+6938 1FGL J0956.5+6938 2FGL J0955.9+6936 M 82 09:55:52.726 69:40:45.77
J09568+2515 1FGL J0956.9+2513 2FGL J0956.9+2516 B2 0954+25A 09:56:49.8747 25:15:16.047
J09576+5522 1FGL J0957.7+5523 2FGL J0957.7+5522 4C +55.17 09:57:38.1837 55:22:57.74
F10001+6539 1FGL J1000.1+6539 . . . CGRaBS J0958+6533 09:58:47.251 65:33:54.79
F10127+2440 1FGL J1012.7+2440 2FGL J1012.6+2440 CRATES J1012+2439 10:12:41.381 24:39:23.40
J10150+4926 1FGL J1015.1+4927 2FGL J1015.1+4925 1ES 1011+496 10:15:04.1336 49:26:00.704
J10330+4116 1FGL J1033.2+4116 2FGL J1033.2+4116 B3 1030+415 10:33:03.7086 41:16:06.234
J10338+6051 1FGL J1033.8+6048 2FGL J1033.9+6050 CGRaBS J1033+6051 10:33:51.427 60:51:07.342
F10377+5711 1FGL J1037.7+5711 2FGL J1037.6+5712 CRATES J1037+5711 10:37:44.311 57:11:55.61
J10431+2408 1FGL J1043.1+2404 2FGL J1043.1+2404 B2 1040+24A 10:43:09.0347 24:08:35.43
F10487+8054 1FGL J1048.7+8054 . . . CGRaBS J1044+8054 10:44:23.071 80:54:39.38
F10485+7239 1FGL J1048.5+7239 2FGL J1049.7+7240 CRATES J1047+7238 10:47:47.520 72:38:13.02
F10488+7145 1FGL J1048.8+7145 2FGL J1048.3+7144 CGRaBS J1048+7143 10:48:27.619 71:43:35.90
J10586+5628 1FGL J1058.6+5628 2FGL J1058.6+5628 CGRaBS J1058+5628 10:58:37.7261 56:28:11.18
J11044+3812 1FGL J1104.4+3812 2FGL J1104.4+3812 Mkn 421 11:04:27.3145 38:12:31.794
J11061+2812 1FGL J1106.5+2809 2FGL J1106.1+2814 CRATES J1106+2812 11:06:07.2592 28:12:47.045
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J11126+3446 1FGL J1112.8+3444 2FGL J1112.4+3450 CRATES J1112+3446 11:12:38.7673 34:46:39.124
F11171+2013 1FGL J1117.1+2013 2FGL J1117.2+2013 CRATES J1117+2014 11:17:06.259 20:14:07.40
J11240+2336 1FGL J1123.9+2339 2FGL J1124.2+2338 OM 235 11:24:02.7109 23:36:45.876
F11366+7009 1FGL J1136.6+7009 2FGL J1136.7+7009 Mkn 180 11:36:26.410 70:09:27.32
J11421+1547 1FGL J1141.8+1549 2FGL J1141.9+1550 CRATES J1142+1547 11:42:07.7378 15:47:54.202
J11469+3958 1FGL J1146.8+4004 2FGL J1146.9+4000 B2 1144+40 11:46:58.2987 39:58:34.307
J11503+2417 1FGL J1150.2+2419 2FGL J1150.1+1429 B2 1147+24 11:50:19.2146 24:17:53.852
J11514+5859 1FGL J1151.6+5857 2FGL J1151.5+5857 CRATES J1151+5859 11:51:24.6554 58:59:17.552
J11540+6022 1FGL J1152.1+6027 2FGL J1154.4+6019 CRATES J1154+6022 11:54:04.5339 60:22:20.785
J11595+2914 1FGL J1159.4+2914 2FGL J1159.5+2914 4C +29.45 11:59:31.8338 29:14:43.823
J12030+6031 1FGL J1202.9+6032 2FGL J1203.2+6030 CRATES J1203+6031 12:03:03.5094 60:31:19.129
J12089+5441 1FGL J1209.3+5444 2FGL J1208.8+5441 CRATES J1208+5441 12:08:54.2583 54:41:58.19
J12093+4119 1FGL J1209.4+4119 2FGL J1209.6+4121 B3 1206+416 12:09:22.7851 41:19:41.36
J12098+1810 1FGL J1209.7+1806 2FGL J1209.7+1807 CRATES J1209+1810 12:09:51.7649 18:10:06.796
J12178+3007 1FGL J1217.7+3007 . . . B2 1215+30 12:17:52.0838 30:07:00.625
F12215+7106 1FGL J1221.5+7106 2FGL J1219.2+7107 CRATES J1220+7105 12:20:03.631 71:05:31.09
J12201+3431 1FGL J1220.2+3432 . . . CGRaBS J1220+3431 12:20:08.2902 34:31:21.711
J12215+2813 1FGL J1221.5+2814 2FGL J1221.4+2814 W Com 12:21:31.6936 28:13:58.497
F12248+8044 1FGL J1224.8+8044 2FGL J1223.9+8043 CRATES J1223+8040 12:23:40.500 80:40:04.30
J12248+4335 1FGL J1225.8+4336 2FGL J1225.0+4335 B3 1222+438 12:24:51.5074 43:35:19.276
J12249+2122 1FGL J1224.7+2121 2FGL J1224.9+2122 4C +21.35 12:24:54.4600 21:22:46.438
J12269+4340 1FGL J1225.8+4336 2FGL J1225.0+4335 B3 1224+439 12:26:57.9051 43:40:58.438
J12302+2518 1FGL J1230.4+2520 2FGL J1230.2+2517 ON 246 12:30:14.0935 25:18:07.145
F12316+2850 1FGL J1231.6+2850 2FGL J1231.7+2848 B2 1229+29 12:31:43.579 28:47:49.81
F12431+3627 1FGL J1243.1+3627 2FGL J1243.1+3627 B2 1240+36 12:43:12.739 36:27:43.99
J12483+5820 1FGL J1248.2+5820 2FGL J1248.2+5820 CGRaBS J1248+5820 12:48:18.784 58:20:28.725
J12531+5301 1FGL J1253.0+5301 2FGL J1253.1+5302 CRATES J1253+5301 12:53:11.9232 53:01:11.741
J12579+3229 1FGL J1258.3+3227 2FGL J1258.2+3231 B2 1255+32 12:57:57.2313 32:29:29.321
J13030+2433 1FGL J1303.0+2433 2FGL J1303.1+2435 CRATES J1303+2433 13:03:03.2143 24:33:55.684
F13060+7852 1FGL J1306.0+7852 2FGL J1305.7+7854 CRATES J1305+7854 13:05:00.019 78:54:35.71
J13083+3546 1FGL J1308.5+3550 2FGL J1308.5+3547 CGRaBS J1308+3546 13:08:23.7095 35:46:37.16
F13092+1156 1FGL J1309.2+1156 2FGL J1309.3+1154 4C +12.46 13:09:33.931 11:54:24.59
J13104+3220 1FGL J1310.6+3222 2FGL J1310.6+3222 B2 1308+32 13:10:28.6618 32:20:43.790
J13127+4828 1FGL J1312.4+4827 2FGL J1312.8+4828 CGRaBS J1312+4828 13:12:43.3508 48:28:30.928
J13147+2348 1FGL J1314.7+2346 2FGL J1314.6+2348 CRATES J1314+2348 13:14:43.8021 23:48:26.701
J13176+3425 1FGL J1317.8+3425 2FGL J1317.9+3426 B2 1315+34A 13:17:36.4935 34:25:15.921
J13211+2216 1FGL J1321.1+2214 . . . CGRaBS J1321+2216 13:21:11.2041 22:16:12.098
F13213+8310 1FGL J1321.3+8310 2FGL J1322.6+8313 CRATES J1321+8316 13:21:45.590 83:16:13.40
J13270+2210 1FGL J1326.6+2213 2FGL J1326.8+2210 B2 1324+22 13:27:00.8577 22:10:50.150
J13307+5202 1FGL J1331.0+5202 . . . CGRaBS J1330+5202 13:30:42.5962 52:02:15.448
J13327+4722 1FGL J1332.9+4728 2FGL J1332.7+4725 B3 1330+476 13:32:45.2413 47:22:22.653
J13338+5057 1FGL J1333.2+5056 2FGL J1333.5+5058 CLASS J1333+5057 13:33:53.7823 50:57:35.914
J13455+4452 1FGL J1345.4+4453 2FGL J1345.4+4453 B3 1343+451 13:45:33.1685 44:52:59.581
J13508+3034 1FGL J1351.0+3035 2FGL J1350.8+3035 B2 1348+30B 13:50:52.7333 30:34:53.582
F13533+1434 1FGL J1353.3+1434 2FGL J1353.3+1435 PKS 1350+148 13:53:22.841 14:35:39.30
F13581+7646 1FGL J1358.1+7646 2FGL J1358.1+7644 CGRaBS J1357+7643 13:57:55.370 76:43:21.00
J13590+5544 1FGL J1359.1+5539 2FGL J1359.4+5541 CRATES J1359+5544 13:59:05.7379 55:44:29.362
J14270+2348 1FGL J1426.9+2347 2FGL J1427.0+2347 PKS 1424+240 14:27:00.3942 23:48:00.045
J14340+4203 1FGL J1433.9+4204 2FGL J1433.8+4205 B3 1432+422 14:34:05.6956 42:03:16.01
J14366+2321 1FGL J1436.9+2314 2FGL J1436.9+2319 PKS 1434+235 14:36:40.9873 23:21:03.297
J14388+3710 1FGL J1438.7+3711 2FGL J1438.7+3712 B2 1436+37B 14:38:53.6095 37:10:35.408
F14387+3711 1FGL J1438.7+3711 2FGL J1438.7+3712 CRATES J1439+3712 14:39:20.580 37:12:02.81
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F14438+2457 1FGL J1443.8+2457 2FGL J1444.1+2500 PKS 1441+25 14:43:56.890 25:01:44.51
J14509+5201 1FGL J1451.0+5204 . . . CLASS J1450+5201 14:50:59.9877 52:01:11.7
J14544+5124 1FGL J1454.6+5125 2FGL J1454.4+5123 CRATES J1454+5124 14:54:27.1247 51:24:33.734
F15044+1029 1FGL J1504.4+1029 2FGL J1504.3+1029 PKS 1502+106 15:04:24.979 10:29:39.19
J15061+3730 1FGL J1505.8+3725 2FGL J1506.0+3729 B2 1504+37 15:06:09.5287 37:30:51.128
J15169+1932 1FGL J1516.9+1928 2FGL J1516.9+1925 PKS 1514+197 15:16:56.7985 19:32:13.01
F15197+4216 1FGL J1519.7+4216 2FGL J1520.9+4209 B3 1518+423 15:20:39.720 42:11:11.51
J15221+3144 1FGL J1522.1+3143 2FGL J1522.1+3144 B2 1520+31 15:22:09.9947 31:44:14.427
J15396+2744 1FGL J1539.7+2747 2FGL J1539.5+2747 CGRaBS J1539+2744 15:39:39.141 27:44:38.288
J15429+6129 1FGL J1542.9+6129 2FGL J1542.9+6129 CRATES J1542+6129 15:42:56.9464 61:29:55.358
F15534+1255 1FGL J1553.4+1255 2FGL J1553.5+1255 PKS 1551+130 15:53:32.700 12:56:51.68
F15557+1111 1FGL J1555.7+1111 2FGL J1555.7+1111 PG 1553+113 15:55:43.039 11:11:24.40
J16046+5714 1FGL J1604.3+5710 2FGL J1604.6+5710 CGRaBS J1604+5714 16:04:37.3568 57:14:36.668
J16071+1551 1FGL J1607.1+1552 2FGL J1607.0+1552 4C +15.54 16:07:06.4276 15:51:34.495
F16090+1031 1FGL J1609.0+1031 2FGL J1608.5+1029 4C +10.45 16:08:46.200 10:29:07.80
J16136+3412 1FGL J1613.5+3411 2FGL J1613.4+3409 B2 1611+34 16:13:41.0633 34:12:47.903
J16160+4632 1FGL J1616.1+4637 . . . CRATES J1616+4632 16:16:03.7689 46:32:25.239
F16302+5220 1FGL J1630.2+5220 2FGL J1630.4+5218 CRATES J1630+5221 16:30:43.150 52:21:38.59
F16354+8228 1FGL J1635.4+8228 2FGL J1629.4+8236 NGC 6251 16:32:31.980 82:32:16.40
J16377+4717 1FGL J1637.9+4707 2FGL J1637.7+4714 4C +47.44 16:37:45.1338 47:17:33.822
F16410+1143 1FGL J1641.0+1143 2FGL J1641.0+1141 CRATES J1640+1144 16:40:58.889 11:44:04.20
J16475+4950 1FGL J1647.4+4948 2FGL J1647.5+4950 CGRaBS J1647+4950 16:47:34.9142 49:50:00.586
J16568+6012 1FGL J1656.9+6017 2FGL J1656.5+6012 CRATES J1656+6012 16:56:48.2475 60:12:16.455
F17001+6830 1FGL J1700.1+6830 2FGL J1700.2+6831 CGRaBS J1700+6830 17:00:09.300 68:30:07.02
J17096+4318 1FGL J1709.6+4320 2FGL J1709.7+4319 B3 1708+433 17:09:41.0876 43:18:44.547
F17192+1745 1FGL J1719.2+1745 2FGL J1719.3+1744 PKS 1717+177 17:19:13.049 17:45:06.41
F17225+1012 1FGL J1722.5+1012 2FGL J1722.7+1013 CRATES J1722+1013 17:22:44.580 10:13:35.80
J17240+4004 1FGL J1724.0+4002 2FGL J1724.0+4003 B2 1722+40 17:24:05.4301 40:04:36.457
F17250+1151 1FGL J1725.0+1151 2FGL J1725.0+1151 CGRaBS J1725+1152 17:25:04.339 11:52:15.49
J17274+4530 1FGL J1727.3+4525 2FGL J1727.1+4531 B3 1726+455 17:27:27.6472 45:30:39.743
J17283+5013 1FGL J1727.9+5010 2FGL J1728.2+5015 I Zw187 17:28:18.6238 50:13:10.48
F17308+3716 1FGL J1730.8+3716 2FGL J1731.3+3718 CRATES J1730+3714 17:30:47.050 37:14:55.10
J17343+3857 1FGL J1734.4+3859 2FGL J1734.3+2858 B2 1732+38A 17:34:20.5821 38:57:51.446
J17425+5945 1FGL J1742.1+5947 2FGL J1742.1+5948 CRATES J1742+5945 17:42:32.0074 59:45:06.729
F17442+1934 1FGL J1744.2+1934 2FGL J1744.1+1934 1ES 1741+196 17:43:57.830 19:35:08.99
F17485+7004 1FGL J1748.5+7004 2FGL J1748.8+7006 CGRaBS J1748+7005 17:48:32.839 70:05:50.78
J17490+4321 1FGL J1749.0+4323 2FGL J1749.1+4323 B3 1747+433 17:49:00.3604 43:21:51.287
F17566+5524 1FGL J1756.6+5524 . . . CRATES J1757+5523 17:57:28.279 55:23:11.90
F18004+7827 1FGL J1800.4+7827 2FGL J1800.5+7829 CGRaBS J1800+7828 18:00:45.679 78:28:04.01
F18070+6945 1FGL J1807.0+6945 2FGL J1806.7+6948 3C 371 18:06:50.681 69:49:28.09
F18096+2908 1FGL J1809.6+2908 2FGL J1809.7+2909 CRATES J1809+2910 18:09:45.389 29:10:19.88
F18134+3141 1FGL J1813.4+3141 2FGL J1823.5+3143 B2 1811+31 18:13:35.210 31:44:17.59
F18240+5651 1FGL J1824.0+5651 2FGL J1824.0+5650 4C +56.27 18:24:07.070 56:51:01.51
F18485+3224 1FGL J1848.5+3224 2FGL J1848.5+3216 B2 1846+32A 18:48:22.099 32:19:02.60
F18493+6705 1FGL J1849.3+6705 2FGL J1849.4+6706 CGRaBS J1849+6705 18:49:16.080 67:05:41.71
F18525+4853 1FGL J1852.5+4853 2FGL J1852.5+4856 CGRaBS J1852+4855 18:52:28.550 48:55:47.50
F19030+5539 1FGL J1903.0+5539 2FGL J1903.3+5539 CRATES J1903+5540 19:03:11.611 55:40:38.39
F19416+7214 1FGL J1941.6+7214 2FGL J1941.6+7218 CRATES J1941+7221 19:41:26.981 72:21:42.19
F20000+6508 1FGL J2000.0+6508 2FGL J2000.0+6509 1ES 1959+650 19:59:59.849 65:08:54.71
F20019+7040 1FGL J2001.9+7040 2FGL J2001.7+7042 CRATES J2001+7040 20:01:33.950 70:40:25.82
F20060+7751 1FGL J2006.0+7751 2FGL J2004.5+7754 CGRaBS J2005+7752 20:05:31.001 77:52:43.21
F20091+7228 1FGL J2009.1+7228 2FGL J2009.7+7225 4C +72.28 20:09:52.301 72:29:19.39
Continued on Next Page. . .
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Appendix A. VIPS+ & VIPS++ Source Locations
Table A.1 – Continued
Source 1FGL 2FGL Alt. RA DEC
Name Name Name Name
F20204+7608 1FGL J2020.4+7608 2FGL J2022.5+7614 CGRaBS J2022+7611 20:22:35.590 76:11:26.20
F20315+1219 1FGL J2031.5+1219 2FGL J2031.7+1223 PKS 2029+121 20:31:55.001 12:19:41.30
F20354+1100 1FGL J2035.4+1100 2FGL J2035.4+1058 PKS 2032+107 20:35:22.339 10:56:06.79
F20497+1003 1FGL J2049.7+1003 2FGL J2049.8+1001 PKS 2047+098 20:49:45.859 10:03:14.40
F21155+2937 1FGL J2115.5+2937 2FGL J2115.3+2932 B2 2113+29 21:15:29.419 29:33:38.41
F21161+3338 1FGL J2116.1+3338 2FGL J2116.2+3339 B2 2114+33 21:16:14.520 33:39:20.41
F21209+1901 1FGL J2120.9+1901 2FGL J2121.0+1901 OX 131 21:21:00.610 19:01:28.31
F21434+1742 1FGL J2143.4+1742 2FGL J2143.5+1743 OX 169 21:43:35.539 17:43:48.68
F21525+1734 1FGL J2152.5+1734 2FGL J2152.4+1735 PKS 2149+17 21:52:24.821 17:34:37.81
F21574+3129 1FGL J2157.4+3129 2FGL J2157.4+3129 B2 2155+31 21:57:28.819 31:27:01.40
F22035+1726 1FGL J2203.5+1726 2FGL J2203.4+1726 PKS 2201+171 22:03:26.890 17:25:48.29
F22121+2358 1FGL J2212.1+2358 2FGL J2211.9+2355 PKS 2209+236 22:12:05.971 23:55:40.58
F22171+2423 1FGL J2217.1+2423 2FGL J2217.1+2422 B2 2214+24B 22:17:00.830 24:21:46.01
F22193+1804 1FGL J2219.3+1804 2FGL J2219.1+1805 CGRaBS J2219+1806 22:19:14.090 18:06:35.60
F22362+2828 1FGL J2236.2+2828 2FGL J2236.4+2828 B2 2234+28A 22:36:22.469 28:28:57.40
F22440+2021 1FGL J2244.0+2021 2FGL J2243.9+2021 CRATES J2243+2021 22:43:54.739 20:21:03.82
F22501+3825 1FGL J2250.1+3825 2FGL J2250.0+3825 B3 2247+381 22:50:05.750 38:24:37.19
F22517+4030 1FGL J2251.7+4030 2FGL J2251.9+4032 CRATES J2251+4030 22:51:59.770 40:30:58.21
F22539+1608 1FGL J2253.9+1608 2FGL J2253.9+1609 3C 454.3 22:53:57.751 16:08:53.59
F23073+1452 1FGL J2307.3+1452 2FGL J2308.0+1457 CGRaBS J2307+1450 23:07:34.001 14:50:17.99
F23110+3425 1FGL J2311.0+3425 2FGL J2311.0+3425 B2 2308+34 23:11:05.330 34:25:10.88
F23220+3208 1FGL J2322.0+3208 2FGL J2322.2+3206 B2 2319+31 23:21:54.950 32:04:07.61
F23216+2726 1FGL J2321.6+2726 2FGL J2321.0+2737 4C +27.50 23:21:59.861 27:32:46.39
F23226+3435 1FGL J2322.6+3435 2FGL J2322.6+3435 CRATES J2322+3436 23:22:44.011 34:36:13.90
F23252+3957 1FGL J2325.2+3957 2FGL J2325.3+3957 B3 2322+396 23:25:17.870 39:57:36.50
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